


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1998-11-01 


Risk analysis and management of diving 
operations : assessing human factors 


Liberatore, Timothy C. 


Monterey California. Naval Postgraduate School 
http://ndl.handle.net/10945/8921 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist Ser Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ies) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 










| he tele ee cal a! ee ee 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































t e io n 
om A | Py nie 1S ~ 
P a s o a ao i ra A ALT By bs a rh 
Cian f i to ee Steet 
: a Ws eh PP et ee p a OA NP eee ron ert ee ee ees 
S20 Abe ts ye PT RPC ere bs ha ra ert wee wr ee ree Py ieee 
a ape sigh sila et id Ra ah a are A PRO REY ee PT ee Ye 
. A eee earn ° rt PU ri f i wt ho ne ey we Te 
by f pig TiS Lys: pape ar } Peer ee ok) we 
gic a a Sry eanaat parti Poe pra e SS 
; f 7 7 r ah be Ge a as ee ee th E 
er Fare fh? PRY O tyis) PO ee RD Pye EY) 
. sol at L | 7 , 
: : 0 ee a a Cee oe erat oS per Teepe on 
‘ : ; A ero APs Pot ee ee F ee feel) Entry es md wee een 
=4 i Ae HY 7 Pea PA hath oP hal ore rahe ey lan 
es ae Sty ee eee Perens 
5 
7 E er Lae 2% sa PAT To ee itor ey am ox 
‘ee co 5 ; eT RP RN ee Cy heey er eee 
- ie ; 998 4 we Re 
Pcie es 4, g / Tae an on be 
ee Ge 1 14 CLG leis Ne ak ee 
oar : riry ’ RY W's; ‘ nie Re Pay ran ; Lge Pry 
' ey H 5 : ne} Orit ~ ie foo) p> Ky PASS 
; y h P id; ee wee HR) Pars Cele ay i ; B 
Oo aa LIBERA ORE, 6 ort A Be is A ye HT) f pie d Zahn F id: y PP eine eee Ree sree as 
is ‘ ; 13 , Sag ty rae A oe i ay Fidos 5 re se “! ’ ra er PSY Renee hee Cy et ee 
. Ce ‘ a : +? . orb hire ¢ ‘ a iS “aa 3 cS eyrthie oy ope Pe Cy oe ean edt 
D ’ ; = r ait 1 ; a te Se ate DR era + rae Sane oe er 
f 0 Py, = | ee re mer IE A) ue oy ead Pade Pa test oP bd ots} a. tere ay A Te oe 
‘ a ale eae ‘ 5 Or) oe sarap | A ete Pern ee Vang e Pe Bort ra ROO ie Me ye 10; Heer aae AEE) marae ore Oke OF 
Rn. r tan ee ir: Aa adit thee ’ Lt iene Helge ae Dn ‘ PAetr yi haan der aie Te mt See Paar Sa) See 1 we PPR RPE IT Oe, Caer! eras 
i. eds ee ee Bae fs ga Re Sh POCA: * F 7 vid of all ie t ie butt 1h vee PTT POT Teh Pd res EN YEE PAT i PAP yori) eae seek aS Pak se SAP a 
De ea Tae Charan in) pen cx Io H As oa) UE ON) eC ee et TUES PIs Sellar po het nap lid itet aaah i 3 ar renee Pree EP irae Dente eee 
7 “ ie) Sivas arena) Gece F ey SU ata ee may. 7 ib bas es Reena CPhy ae eat ae? H Gunde re pst a PAP PEEP SEES Oy tg ew 
hag eae ri 2 A u y . ‘ s 0 2 wy - ha Te rT Fou Sct bt MY he) ated Be hg Met a Pa : “i re a ey oe ub Auk 
. . L $ 5 Pe oe ee ae aro hy hd ae r A - bY t re E 2 ale Or eras Cy 
Br Ura an ee ) cls eeeae? ae ry Ta ad Ni yt iy aL) Bl Be Sy Rt tat LA yee AG east ay pa Cae ater Th mi eran + FE re RAR 
Pa Patan oa eC We ae etal a gs a “DL aS Fee EAE PRL a LS Mahon Ml Pin hd cee Tet ye oe pr a COOL BY ) ee ere 
; Fl a aL ; nl Pu ne aie AT a Sr Tay nt 7 SL NE DA ahd oa ey ew RATS My NF on rere Ae aE A etter ert eres ert Sane) p ME ee EAE TY FP 
D 7 5 ee " Seal eu APO Re rat “Pet © oh “pita 2" A Os Ye a by A ba eee PL Cab ei gta pose ee MA prpcat ot Pe wk ele peer aT rian 
ae “CUE MOL RG Reng sOn  ALLLC ALEEE eget Wu ta py Prey et woah es Ht party eau hensrehe peg ap ee one riie eee) da npr PPA eT Me) 
rhe A reel wie oo ae oa ES ae “ee A eth € hoe, tae an we ve uA ry rpetieal sb elie ab PP “etary aR Aa teens § pas oC Fe deiner: Re RN 
at , . i : 2 A a * Sat ade ta = . rm 
een, ote Paes haa OE eo ah rs a er er Tae be 1 Fire Sree it i Pah ie Ps at + oe vo yee Ne Maer nth see a ae a is EY Pedy ee PEP eer oe 
r F erie tae Ce eee a ak : ¥ « or Sor sere trick Bay Av ete A pate 'h i atade a ~ ba 
. 1. A 5 . Pare ee ted ou og ‘ Cae Pitas vet re PT OU Peer bi nl LE | ry Ae De ob A Fi ves eee “S PE a Be EL ee heer eae Taactetea tes oak 
ae Par Pari te ee | , Ce ee ha axe oe baat 4 i rere PR Nae ree Cr Sore PR RT a Cl ne agate een pet pe te-w yr oes Pr er ae rs 
ay en APMC em hero) OG te Osten ise UULE OEE Pa MrT Sat Cente pk & Se ARG A eke Sita er He Epa pty i ee aes PA PRN Bet MEP er here Rr 
ar , A at ry 2 o maa ae ar PT a SO es , ‘ PS H 7 saat Sua te Hote Par a ' bpiarTae RAS RPE AD SG a By) pomp ais ee . oy rete et ied tote Stic ry ae SAP eo ee ee 
es U3 J ' c ‘ fe 20 et Ce iM ‘ ‘iad Pah en oe Lo oe z 2 prepa MTGE ar nag stedes Ld ch rads 
aera F - Ai Leiekt el eet | See Ure hl DJedpl ‘ F) ae a,) Pe a Ty en a man Ls Pura rhs i PAY a SE Ee Ce CAs, x yew pe ee 
a ter A r oes Yat | - are x ‘ " ads Ae ft Ors aE fa iL Peer irs? aero Ea FOr les or ae tn ot u Aig dar be es eke Ae as re Peta “ Recast a aco ye ne ey 2a 
Cait . Je Sor Pa ee “Cine aa wien ie pe Sec Oa Wee Tie eras an Wi Ub >A Ua et ie Perret g He RW Cee ROR Fe SOR a) SEL Raker ines 
oa an ‘i oan] Pe era eal Ye TCL ce ys Ly os a) pearance Boe ete tas Rarer Lr oa Ts etn as ae 
F a SC bes Bet Se a ‘ an eee er) Pes a Pr 4a : oho 42 Tae Pe Appr eT na ag SRA n Ae Srey a 
A et D ® See anip t of baie sn Ey ’ ts ee A ys ee ere te - 
s 2 PEE al oh eas Deh hw a r? Pre) Aj f 
: 2 Un eye eh RU - aes ae a ets! # Pts re are Pt <i fers tors Re Ete oe a Reagan a 
ay ' ny A n at ee -- . | Har Aer hh ere Pe a Ors ots, Aster Nee oe Pa CAEP KPC | weer 
ne phe Pe oe rer tata Fe Bec. 5 NU UC aig ca ere | ape: i Phin i pee TP ipehyit Pryatp ee eT ari Wy ihc 
D 5 a ve s e"gl 2 Aya BS , iM . 1 bs . hand o ~ 
fee ah ae it ae ae 7 mo o Ps Be = Y f en rd vf Seth ds i gtnash aot Ls ha CAE ah Ch oh a TERT hae pee rw errs Prey Caer 
; nen fo eS Ne es F seen ef 5h98 Ty tN bebe : Park} ee MUTT Bar iste ST Aarne Oe wr STEELE LONE Rpt ee pin week ater Mt tat OO Pe ea he Lake aryh 
eC igeea te Je LAF rs rma? A Sire Ll 149599 Re - be 5 ae) aH eth ah Ps et OH ee otra ers 4 Fy re yeti it Fe nes he peer Cie Raed erie w 
ae a ss Hs an ar Laas ray Pee Pe ee Le * rae ie Pees ee rid PA ike 4 stat a he ny oP PTA Ary th Hy ory See re pet b] ae sy chpmibae ts ere 
: : ot ul ec eerie ran ‘ + Satoh pt eee bee pee Ate ri a el Pee Se ee ui atte i ‘a * vga: oe Pd i" rn ee rT TD wT Ce on 
eA 7 . ST A ot or ie en a alk A UPL at Pe Hea a Bes Rs Lee Pa) ay rae ee PU Pree coe 
, Aor , 5 ; ql See i Fe ca) Se SNE as 7 a Ls ee ay o> vn a « rr ek pas are erie ph tet iu Fe ex ee Pua ie ss 
A D ' ; ray : H , = “ o A 
ee! A . (tones ie i Dina re a of ' Pa be re Ce yet Ce Rpg Sa a A OU i} ary ee Gr Aol he RTs RSS ni ay erates aes e Seeeute 
- De ‘3 ore CAE FH 2 2 anand whats! a Sere % of KiP ty a ir Perot mts oe! tee 
Fi : F oe ree nO eee A BARRO Fi EMS Wasi te ek Bo a Re fa er rin) arn 6 ae atin ra } at. ry a aed 
Raa Pan ena ORL PT rec, ri ree ae ee AE Mca: ir ime wa at. ae STi - pees rT Pre Sas RE Soe Fata Serre aR Re CO aro 
® = mh alt iu renee hee fae r) rier Sie) ie aS) Pee a a Pe Pt RYO i a tas Life py aye ety) ee) af oh ras Mee Loh her $ “7 arte ah ry Meany h at eae Freeh h 
: 4 ae ' ay tes Gaede SA nb woth gy SS ae rire Paraded pid asad brads Shite bod er re aren er revert ee 
. p : : < YC Fe z ae ae Mirae ree eee iY a 4 Gi oieyles ae a e val Hikers pe icy 104 ri bo oe he " mar) Ae 
A n a ame im ee ie Fe aris pe babel Try ob shel iaedd lean Per er eit a4 Shean é. | Toke Oh deetactor weete ls ae EE es 
, ra or o nan Le ' ‘ : : r] ara Ay y eee cf 
oe cae ie pe J‘ a a : oF ery r Oe oe Ge 8308 elo a i Pray Par eye 1 =a hi rr Ts Fi AER NED 4 oe me Sete aA oe eRe Peer 
pI Pie ee ry ee ere ny “Hh iy A ee rf Par An re a, Zi Uae & 4 H 7 an A TPT i bat shale AY 5 hd ae Pet tats Paleoreette hea x ast eS Oo neeareeen 
‘ ak Be 1 Pa ed bY y ¢ A P F ” ae ‘ ri Le ; Pr ae bf vi i et hate? Cte a we ri Vor re oe eA er a rr ecgeyet 1 eae Be oes Hy eae | ara KS en he 
hase ME Creamer ih ey Pee ALLL Baar ea Bre ect tere See eea 
ee Cy a oy eng Perit ie re aH aS etree steer eer tie 
. 5 ay 5 i) A 4 rs - cs z athe 7 
rn a] . : D a sm Ue J 1% P ’ PLY: A . . re “fy i fo¢e Th (ie ri | va a Lave op § 3 Pain Pate Aa tpi DR roe yr: Cea berets i. — ke 4a rate 
. ‘ LU s A r ten Pd br ol | eee yo toe FY Yi a “\ . be oe ee | e 
a : : 5 4 Jat F rr ee Ds - Si DB bes Oe Host. nae Tyee epee ley ht Pa rere tte or ae 4.58 Foote aa Re teh te 
a ‘ S D tagvocn a fe at? PRT Friese MeL am Ur aCe pay ee ven a ONT Th Ort Yr ee, ¥ re a tee 
Jo 4 ne Sree ray ee s fant ‘ é ag Thee dichan bat: o SAG eee eee t oe Caner Por ey ero an a re the 
i l t aa er) de 1 She Fe eee rt Ths ct es Pa eh vi Re Ae CPE ep et Poa eh a Peery 
a . Par) ane Hin at Pee Fe Oe al Fae Le y ‘ei Pett Feet a aa! ah 
pa oy tere 3 each 5 eo Pm ee Saas yee FO | y a) Paes Tap hg rs 
‘ Fi 7 Bs ri soto ' ry a) ee ‘ TEL) es bbs ieee wt 
ek é ¢ i a et ° ee iA Td ae i 
1 Pang Ps , i F on | a r x 2 iW - Ar i ee iy te rea ee H i { 
7 ai on een Nee A p Ce oe) rahe) sens re 
A ; a ieee st A i : Se , . x ry 
pO . ' he b * 3s 
ot Ty We . Perit an ear iat ° Cees iy ae fr) at Lae yaa rit ee y es, aes 
A Pa " f « 4 A F iM ‘a ays te Me ee Le eT ee PP te +? = ie 
n . 5 ’ Cid + . F a eel 3 ee Ba a8 Ps eh ved pee ey eee P 
Li ‘ Pe J ry Pa ¢ P 
r oa) “oe Beer sgt Te ot 
Ty } oa 4 A iM a 
OME MC bi Bs et ers eae 
ae A Aa 5 Pe en | el 4 ad omic re 
- r ra] rs Ts | Ly . ne D 
U : oa 5 n ee ee eee P Pat oma 1S 
; oy we oat, ad ‘ er alent 
he r ‘ at ’. e : Us sae B i Ce) | \ ? rena) a 1 ae rh Si) 
ey ret Lee ir jee re er | el, 4° Dre A rod 
A er . or Py re , pct rr 5 Aen 1 ; ee , : 4 ' af , raed 
Pe es Pees : ‘ Pat ty eel 5 a er a ns 
ed “aa ‘ A J . a s1Gats - f Fi 14 
rm Py rd i a° u ee M = 
ou . . a e oe ¢ 0 a 3 ° ba! 
ee an] Ld a i gt we . el | oe 
: = 5 5 F5 Po en be i CL ee bile , He 
4 H te¢i ae be 4 "| td el f ; 
. P « ® « r (ar | r oe n , ca 
ei y O + ae ¢ LS % Ht f : rg oP ? bd ik tae ‘ Ant 
aang Ps a ial Sak Per ep. ca , oe wel Pata cd aaee 
Pay r ‘ 1 ad ” he es ay, H 
ie ark ol ey eee ota pes Hie cee oie Cae nee FSS r Tani i RC St 
' 5 Ar = a or F) P ary ChGta 173 p7tae ? #4} Ss 4 
LI See r aa er Pe ees , er oa FI +} re a th ro PY 
a LU , en oF 3 ; yy rr A lene ,eot ri i ¥ 
ry Py « ty t | ra Le . and od Ni Dae. | ee 
oy A ro ee, H ry ae) 4 ‘ Py et ane | t 3° 
BC 1 ¢ Pe «f¢ a Ue) . + “ te Pe] oh eee 
Pa F ns are) } Ps . ry Yd b : Ch eet Pa 
ov) Pp ee ca , ] eee: hag SIE TEENS 
eee i. A [nh id ae 7 i H iH Ae A ir Teh teh = 
‘ - J A Cra HY F ~ 
ar A , 4 : A IC 52 i j= 186) wt i 
" rl ‘ ‘ Hl . 
A i fo lees : ar Ce) L! P ae | 2 , a] . Ty 7 
u D E - Pie ’ fy H ri) i 7) ie | rT ’ Pi 
p ‘te ee Pie Po “fl i plas Mec | ry 
. Py o 5 1 ae ; C eo yt : Cs hd ape: 
. 4 s ! ' uy I | s W FS by 
: POY a) aT » 
id r re 7 . rn | e's r Cf U cf de a i rs Tred 
n ' vs ip A rat | th i te Ft Me he ba ae 
pat 9 8 os P D a 4° ger i an * Pre PrN 
‘ ‘ A ahd ‘ a i ’ Pr oon ree A ae ae 
P - Py Lee ht eer . ee te ae Se 5 
Py a ad "eer ome * SAPO B a 4 A 4 ps a gli Fc Ps we 4 
’ 1 Li > 
vals : - Fa a Fear F int Seer ape bat A ie is Sea oe K ser tek aie a hae 
rye a ’ 1 are ee a of “ae is ‘ ALL ah ers rn v4 EMS Perey 
o a ‘tern 2 at Pe S re 4 sd a '} He err rT ey hae b PPL ae tae ie ets Fi 2 oo 
te 7 7 ae ee cece Ln, ve Tay 5 err ; L WRp Lge Let PFs? re 5 oN Ae Foal a vy Hi } ” if se.” 
. if DS ae Skier or Te Pe pcre ech chi aed tyes te ate Sa ae aa b pets eitited Fk x. ted A : 
ry f Pet hd Me Lt He: j Ue Sh ae . ee ab arte, 4 4 sy 
’ 2 A ae DO) ache Cn Oe a pA ‘ a le ‘ : een a a neg } rei 
he ae OD " pi Fy TT ee ad Wh an eT Ta mee LCC Masts Para os 4 free Pape 
i X a ‘ z or ee Fl th aaa k e & Tn Wy a be Para ay: Pe aa « Pa ti roe ree | SP Haat Fe We y) ot Aah Fires WALES 
A z OE , ’ Fy 4 vate a weet fe we Fonte at SS e : pore peste on oa * cy Pf re Pre ate % Pvt a ee cin 4g Sep tg Aa 
: an) sp hpeen o oon es ied a ee hd a tet , i ae Al Ate te agrees «aA a “438% eur ya 
ae st: . o6 . os F ee Par itie Wren We eter fda che it! pea Hie ht apes ord We RS? ol tet ob Be 
es raed a ed . : ‘ cS a es rr O An) spe OR hid Can "cae ye es | H sf ea 7 i if > ty Roth at 
i Pa hae | eee erat i . id Lions ad Tee es Par P ssf Joteses ghee ash chet per puetise ROS OE Ma eee ores 
Par = ot ! ’ a . 8 f ee es i Lk Le | ats sa uw 4 aaany tery rar r OF ipa ote a: rye TJ b a sah 
os ; : Pe SC dT ny “2 : Pie a es be dg Pomerat e sis are ere | PH EDF ALMERIA EL 
os A e eo rar re as | an ek Pe LP a tytsneraretse | 8 itt it ah ae ae f's ee Teta Wilnd bY 
Ce Pa Are eerie hia) 2 y i waa ae be nee h Saw % 4054 F ad a gt bite tecgs ts Hak: PP ra ae | rh ape Pe Pte 
» ano a7 an Tye Ld | Jeeta abe das Ce Deen oa ti dt fi ; LICR Seat tt ata shyt s EOS fo he dae Pre rs pag Pera Fie Bee 
’ ot) , Par r i ‘Td r bet 2 1 ha | PP eee ae Ea c 1% $ a Oe f 4 Ue) tae Bt f pnts | rae, eth pata oe a ie La ts 
: See Diemer tli leah aT Ty ee ot eee erat ae Os “a! Saas See ios i Sart au hE te SS le ae ee er Ey 
F te Ae a | 4 rte Ar atye 4 id a : P 
ane Ds man a grt 4 eet Tas #o%e Ua (eee ee Ne : ei whe of i eee es rare 1h a Pp ed ee bP ee ES i ey eS 
7 ’ , ‘ fa) I or a a) y ’ ae F os Pn eT De Ras ee.e'f eg ary TD Ae Fe ease me tia 
oa Ga ee ore Le PE Rd Cire PLT ON, PENT Cae ae Se OSG CHAT ad DF] Fig toh Be Hy 
ae . ra) , r ore’ 4 F i A ‘ P : ir j ! 5 ne . HAS sey 5 POT TT Ltt Lae bd pet aE Ee haa 
= v ray 4 Lr ed rs "5 az C et ey 2 *, ep. b 
oe nc ae A Sine wrens rR riers Oo Uric 2s ss CO lan TY nn ane ‘i taalalsctnny fit Fe ee OPED 
Ute als oe s A - at que on ACT ee Ys tise rae 
be ) a LU + we ry rey te . swf sae grece pte r y a 9 ° Ae Fi F - «! 
r a 1 yen ® ' oan Ys 73 1 rt 2 
Ph SOOM. AMMUR en lr ct gee ae ately Re copedn sy Nel tte 
ra OES) ee ea he ae Be ak La gee a Ue eat tg Vedat Oe 4a Le eee Lr ie hh Ph Are ere 
o tft oy MTL i LD iis i a a aa MAT (met tril te Tere ott a hee OS 2, free Py) AE ES 
ee g.stse@telvyell elie Pc i “ 1 egy ch at Mb SPL a's Heras pag’ 4 aA A a pees ae ta Sg % 
Por i Tae Pht abe col Rr Oe i PROM Le tT Lao Ree) SOE ara Oi at ae a aes deter He ote Ppp bas sree 
Ag Lae Pe ee BA ge I patelace etunentgttcty ¢ gh POSITION i hen Ae PR be Be ue ree At et rat: ILE be i bg 
DAS a s. A thd 54 Er ae Ph Pt aid AF He H TST i ba ede lil ae le aks! y: Ro Peony 14 ASA er { ¢ Hl ae i es ea roa Me 
tel 24, oR? ca lhl ‘X ead Li ’ 4 Ae Valsts, teen eee) ara Karat is he 34 a rye ores ri ria) ie] *enrese varus 
CC ema “Cute ut PS PO ee he PT LIP AY we) abe Ooo tad =f tyes ne pte se 
Tot Pe tcl att dec ae Ls pee +4 ee hep 1 ov Phot ater’ tdi ee AS ma eRer i rae AS FR BS ES 
tang oe jaci@usee 3 Pa ; ER td sire F OR Ze, 1% ety 2? Tate ae oF ase dy 
, ; rs eee Hp ae ta § iA evr co ee et ahd a SE enue rola be ae ) ‘ 
ed De ey i ie oe arqet . ae LT te da S f * bt he ¢! aay 
Te ere aay tpi cana he Rete enn ae eh a ATS aS RE tenon er aneaos 
ay) “ nn Carne ir ie me teks ay F f y ee ZL fe aA hie Ae i “ec stehctate At Late Ee es tent a Bera Tle Sie be Bl te Th rote 
F 4 ar aT era i : y Py 2 A A ora 
L Si, SUBS Ol HY as sire een Ae! Th ae RBS ee ELT rib epee qsece a Aes aA or) Oo Peay ety een aie TF Eh 
att qganttt, 2 font ae it ahh - e8 £P sip a ergtare piveiie ef 4 PPLE A at hd rt 4 “t*a* rar | Pi hn ke hays mg Ce big heyn! Ep et F 
i Cerra phates ATT Lee Meme LRP AT ok be pt 1 Aasve at RO» Pee hte ee bike he Pe tal REE 
Ptr ere 1M? ae Pn ty ; 4 ta 0 Re Porat Bald Perea SG tei ae Jhb are ie age: 
Re ELT SL era eer Sari a eba atytereraret? SAS. aed ee hey Lh ate Es TA ree op Beh eae 
OE SLE Et ar) a eae al PY TY Be ke Pry Sa er tosergy test Li Ue At oeaAT Pare Sr area Terr ir he ba ht i 
Ee AY ae ven gty Ph ee of ol ae Bd . p Pe reer et ae f ey oe POR ht ase 
PEE o ous HP eee Se 0 A i . : at wee or =H fet Ties aye oye teres OFT d FR 8: se ue Li dite 5 P) 
Pe ie Hy i Lee ec Lys ! vgritarpgsee i Wilysee Se turdlt. oos Me Phat ‘ ae 0 $ és Pha eS oe tl ba a fat Lk ST ar) iD 
¥ ois etree 1, Dae te any Aire falas 16 ¢ aero) AY ar ue ie rey Hee he a Ie te teed fa at AY ‘ row tO 
A y ; eT ; i £ L a es Pe eta ke aes 
’ a Ati Cae its bed ae ae Pier no ot ed sear GC eat . 1 Cee eh 4 rt wpy 4 Pe ee ADS Ue ee 1%e > oF oe 2180 at tk Patsy ay a ee popes cat ais Tai ne at ER pao Nap mB 
5) ' oO hi ; fi rrr) oe Poy ee ee Pee oe ae FL ee oe ot ee Lie 1a > 9%gtl ret rh i ¢ a ef b LY i ba ba 4 nee a °, Fol ae ot shen neath 
Pon is ales 2 pee Wye ha f ra he pair mt tI rt a ie Pay} ee a ai Te a! Fw oR ye ae Eee yn ity yf bb ede oa Spee secre Mi ate F Pr} 2 nes Debra Reps Eee ae eaters aie iets “4 
L D i ar CML Os eee ef e4 a) Pe te eee 40) ¥ : Ca « rs . Wilts bald a ppb veges a 4 b! ge Fe Fae onl C) 
ed ct er perce IB ae RRA Pau NT EY MT RRL MC aa A a OP Aaa Teta delaace tal piece te amnagra tide 42 Peep elie ee aor tins tote ete Brahe Eo 
P A F h : yi an nN ree :* a A Ua etn PL en eter realy ts Fe Lebel ba Lae % a eT Ee ple eee cat 2 
; P) te) Se oe bhp? i Pad D rn er ee ee 4 OY ila my a is Act: vat ha) Pi a i ae ii bt i ieee Aa SE | ae ie ir bres rr os eres er cheese eas ores ba P| gpa ee 
en 8 aff is inane tee oh Seer k ba heer bh ; ea eRe Cea Ta teh ta : ip ae ee sb AD cae Cf aT A Pr I Te tad mat help Fr a be th rhea pdm bere eee det Se Re 
en ear Te i Tse eae a aE RR Bo os telat RR SHA art to PRR aRT ees FT HN Err bet te PASE ai bi pt A Re ote tae At ER AL AE SPA hsp ptreaye 
. ae bd ae rT 5 Par - 5 4 " <*? ‘ * pieSs' ‘ ‘ - 4 pe) aa a f rg J ry iad 
; es een ; ae cg 3 we sere a ; +e rae : 1 hee ect * ric ’ eee er oe H ale eit *y lie ie ve Blt Til ’ ad ahaa parte mon e Pap bee PR Ne ips 7A s° cob Pras abi By’ I ae tp tae oat Ststentes 
Vie td Le Oe di H i ; AL rar Cer or) re atytn ears weet eae! Des . 5 , rer eer er Ti eee ey o gtinkirrg ter’ g7 ete st Sere a a aw erent: 
fae PPA ee) oo fa) a stignee son Sty tory at mite ot FhUE? Mh x 148 u Ver ere Cy mee pt ae Pry Se Ln Lk ee he | cod woe" Ca res Pee eda tfc A Ba ft a ih tne es 7” 
Ws ott, fale ig ERS yor ee rie bash ab tohgeate Reet ee EK Rea ne isa ytd Salata Re edad teat Doi oie Rak he deapteater eet 
Pi ate eee to ame el FA i ry AU aie a TEE YT 1 ane bh ek bd, iguepin ft he gadis ‘ vert EPI ted ryt) eagtg ytere Inte 2 ° 
<° col il RAT ; ' Ba ay any ee x ae eis aes Lee PATE pein $e Pte vA Pe Aa Pe ea Bee hs (aa fri pent i ve 4 nena pop i +n arth Sy sao he 
. rs 4 UU ;, { La ri me eo 
a f Pre MRO nA Ree CAS aN! eine gett aaa ti nips nee pearance Kraken 
Pe tn ar | «J o* aoe r ey ed re pee [ RAS Pee trite mn 7 Pn nea es al ar 
.3 1 at LJ H id ee on a ta Pere) ae ee ete Pot ary sure 47g 18, ¢ aia rt 
rhe : . Pr 7 i: 4 eT: nh a st are er ghee Tee Sas ce H Panetta eu Fe) avs ty rary eae ities 
Ta A ; ‘ Fi : Panera ti bee atin we pee a i. 7 Pi U % - 
+ ee = ba we nce re ant oie PRY ED rte tk ae oe ot Rae bk te Md DeSean Peery nage Mae he Rad Rane cua smoeE 
Pa Py eed Ce ed sue x aes : pet eds teat RAG fe ret EX ala ra des Toe) bi EPL) ror ‘i AG "5 aetals pasa i aa a} er at id) 4 i Sod ret 
Ce Tie, AN roar at ea TG ae eddaer gle Ue Ur ret 4 Ors Laie ied ha ae ap a Deg gh ea ae rap a af* retutare? ee sce an Bats rege y = - 
cf | 4 Gat DC Te arn? a vid ro + YEE LOE bat IL be BOIS to. (hada He aw! ” E Phd yet alg eee fF Bears Ad A teats Le Pade Pads Regs Tod hab a phan be A 
Ao ARO Ua Aad LE Sia ele Sarat i latge ae Ms ern Agee Se Me ae be [Ears Pri tee ROSH Py + bf Be Arg Pru ed Pte EA het RPS Tae tate 
+ eer ; Te: i ie ee Cee oar a2 RT ee abl hae Site ae fs . ij Ut Pee Pee A rere os id Fores Tee tadt Kah me] ete hoe hfe vis, at Sane R aie neh Bee Pe Pa 
. . ed a a « Perr god . eessier ete AE) “s a og ar eter iurte iy 
na : re os fiber tae es ’ S505 et 5 “eee 2 - a ‘ -ptal eas at ; ch 1 ee “974% oy i st rf ie SS ; a) aN ay bh Feet teahs cm be +4 Pete pie ota a2 eae te i, ye [ab apha, vost ead 
a 7 - ‘ : P Pye vie hk ee $ Bp Potty ate 
a i ee . BR Ce ere oe Or ee oF Lf ae ie cate Rit z B is Ca Rete athe A Ley Feed ryentont ies be babe iy Om eee 
: bs ae ; } ra art acres MT bh Tay oS H 4 ; 1 ; 
Aer a eae ere ee i agri RAPP aT iy AR at te aa a ee iy aH ie rot Po a oes ff epanit pb kee ep a dd 
” rer 5 i Hi pia 2 ) or nl PCa LT ke Leg fe Lj Th ed ed ied H 
PPCM fr erie ote Ci s a , Lee eet ne dist a Hamed Lh S peaaa hla wed La a os yi ae rte Hear na in Pht Wis fh eet 1} ee he hams aa Let peg ct ete th pee 
Paty iar ee ee ra ror ee ee Pa wr) Hh Pale eae ea aide het f Riis eR bet adhe is Pm pat eerie 
hint ist tern ee ou or Pree Tees or F we ers IF" pie ortega ot PUG Nae ‘ here Hei 2b ecken? pl retry HME Rt ort Ge tet HE Ree er eed 
Teta res: Part eur ea Fe , eh a Naa abe Hee PORT atyoet el ert i een Perens ue eae Ct] ate : 4 Pisa earth Shy Re reer et cect tg eee te Mgt 
LJ u "i ena, é A areytl % rT 4 J pees 4 ey = Y 
ret * of ' mu 2 } Ne Lh ede on ae 4 ! a i Aref pe eens ate dete’ we xP Hes felons Vien AEG vs OM Ae ei retiGlatee Hh ks Heed it re Ts otis Che ch is Lane Le Vai akan aac ya be be rh Dh ad este Sale bees 3 pe Base Le 
i . lh ae art F i ] a A 7 ‘ A L i° : 
PR a ercrrer ne Tan SOE PEF CRASSA MASA RTE TARAS ea FRECHE ciate ae poles Re RE Dae chan REAM RATA teat toc atcha as 
4 . } vi Parent ‘ dat Foust @ ee Ripe Ratti ued Pk eis r ha bs es potty) g sf Lp a PETC eae 
Pia rr Fae om Orie rr ie te 2 ee TES eCy ad ie aT bras ne) Soha nee Te PTT | ' plead ER Het, PP ee Pn 
eer Ean Ps eee ee By en Pere Ur Lr kek bi ; . TARR? Rh OR OTe pywng'e Weeeeuns” ewoure We aA ea 
ON eR eri Maa se Airey pe eer ee Tee ale ; Phe re PLL eT aE be be heey op e | Te eee 
2 a Ai ‘i ¢. PROT (he ie ae ae, a vy sgntte at : 
reel re Ac se, nd LoL Sone ie, he ets ie ar aaa ie ae oN prams tats fh ach vee 
wri Te a oe ie a bee eee bey a Uy a ee 
f ra . aay 7) " bi es oe Bra tT ae Leta T Ay al issn ad P iri nie bh Fakes ae My ny 
Fy a ay r reper ge ' ae Vy) ee he ba] Ph Se Pd 2 whe Rath Oia RAO CR ak oe 
iiss oe Oa ; BY i: er 
a8 rarer PA 2 WL I Pee Le Pay {vette erage i Breese mar nt me ta + 
1 om by 5 Ly i Fora i Jute ttl. vr ?. fi) aos he AE 4 ot Uae Lh hie Phiad § i CLS 
aa taees wie rn aT re a pee thers wy cot id any HER Middle hho bp! 
yg PR SS a 1 as% al ve Ae be H a7 rae vs Lb te i$ ausasovds nee cgnaase v er a 
Ae ah ret raat) ata er ies ry rts ae Lo ay iene TA CNS aor Tag 
<4 UJ b Fi = oT . L ct 
Piet i PMC ea ad Phi CLG aa - ar ) eae i a _ ¥ H af Pras aon yy a aa os or) wees i 
gait) DE SPE ine riick ira eC Sa CIE Ye LL SP Ld et th eC Ht he Py rs EAA Ta 7 
LG Baaintinn & , Ee stat Bey athe ted el ae 2 sas neiens fee" ¢ eurge Tea tices uae mana er A 
¢ mn LEIA Ee ve - e aan ee OPI MT LEC Vd go an ey pe SPER S UT Pr Ws brat) wer ese" 
bm. : yr : UAC Un Pa en A hae a He tE EL CEE Oe Bea ely A tats he 4) te) 
F 1 ee za UH ai Lf. CRC ben ie a Bh Oe ie I aD ee Ra Rely aes ey ip SP Bid 4 
‘ ri rh Ab 5 tT s 
i, nN ere ee cf Maes CE oe _ Paes Reh Pan Ro Dents es sei pda 
t Lhe Me 2 1S aA ¢3e8 hy reat aa Tyadpe (gt ee aren hea) b ig? ta ee) ye Pod te ed 
a 28? tact ae Ca eta of Ah " Aer Ta ACA et ti aH ry $ayi' He Pi sha eH oT NaN ry bye i Fil ea Bel Aer RAB vSeienseeyey 2 
P : ret Tree PTY AT UM Bata tL 3 ne Saran CAS ATL hd eka eet pon Brest te agen re tt: 
Pad bur ae 2 Petia een eat erty pd pe ae eins Pee ea ood UIT) 2 id, Foden a ad md P. 
ahi gt 









ne i ba J 
Fa re Oy r RA 7 


\ na 







































































! 
Th ‘Oe a » ft, Gee 
ste nu ss. % dei ALD et A OTN ar Piree ti ted 
rary) s Vel ae hee erst Raion aa AY TEA be te 
“wm ec aC A Rea Lhe ot ans Py a Ath OY te ng i ah ape et) 
He Fred Feat +a ; pene me ine a yt erode ue i Te ee Voigt H Lie Me Fe te ore ae a Us is Ly ; V2 ait eens Ce lh aA 
® « a soi Cae i F ye 7M tg * 
ny Aa) ae 1380, - ie ra :] ae aon Peay Ag roy aE Le ats Hie ear es ar “ ee Sanaa é a Wid en bi * oan ‘al 
1 Tttheee og te TP , o? Phar 1 oo 7 hs ar ch Fea Tv] YH Ag i 7 boa Vy) ar [oe | - te ‘] a a. 
‘e) ‘ 1 spat ae ie Ah y . be a ane ¥ An Liat LI is ey ae) 21,9 i F te 4 P oi ne es A Be ons a tle bab gt Fit LaAuey 
5 : Hla ME oth aang t . k Je 
Tt a of aie Pe ONL n i Erte cee Pea a) stm : Pye ; ei tae sa Mra geet 
er rm Ne mp Py ee eo , Une 3 ‘ Pol Ry Ie 4 my Pett bets Pat) Pena ii a Sane yt Ly Rt He aCe eee ne 
rita ra od Sas Sard AT ae ree rey i Tres if a ih Hh Ye Es He A Hs tea ne tes rear et ae eee oc 
sf TL ‘) wo ete) 2 Sa oy 93% 7 DEY Moe Cpt Ll 
pra tae eee hyena’ Ratnam Porn RA He brelige oie sees 
Peerrare (ee) Pe ae Aha bgt) iz ea ene eats [Le SL 
Pe as 






DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOAL 
WONTEREY CA 90043-5194 








* RISK ANALYSIS AND MANAGEMENT OF DIVING 


OPERATIONS: ASSESSING HUMAN FACTORS 


by 


Timothy C. Liberatore 





November 20, 1998 


Supervised by 


Professor Robert G. Bea 


Ocean Engineering Graduate Program 
University of California 


® Berkeley, California 








RISK ANALYSIS AND MANAGEMENT OF DIVING 


OPERATIONS: ASSESSING HUMAN FACTORS 


by 


Timothy C. Utberatore 





November 20, 1998 


Supervised by 


Professor Robert G. Bea 


Ocean Engineering Graduate Program 
University of California 


Berkeley, California 








RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


Submitted in Partial Satisfaction of the Requirements for 


The Degree of Master of Engineering 


RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: 
ASSESSING HUMAN FACTORS 
by 


Timothy C. Liberatore 
| 


Professor Robert G. Bea, Advisor 


Ocean Engineering Graduate Program 
University of California 


Berkeley, California 


2S Awt MW IC TK 4 ‘4 


a8. \ | Kb le 


\bevra oye, a t.ff 











RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


ABSTRACT 


Current technological advancements in diving systems have been paramount to 
increasing the depth and duration of commercial and military diving operations. Even 
with such advances and the use of proven engineered diving systems, as humans continue 
to strive for deeper and longer dives, significant nsk to all personnel is inherent. 
Minimization and mitigation of such risk 1s vital to meet the need for continued use of 


manned-diving systems to perform specific underwater tasks. 


This paper will focus on developing mixed qualitative and quantitative risk 
analysis tools using current human and organizational factors (HOF) research and 
database software that can be applied to diving operations. Surprisingly, assessment, 
evaluation, and management of risks associated with diving operations are rarely 
performed even in today’s high-tech environment. Since a major component of the 
diving operation is the human and organizational element, there should be adequate 
safety management systems in place to assess their likelihood of failure. Assessment and 
monitoring are vital to ensure safe procedures in diving operations and require effective 


operator/diver involvement and training. 
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1.0 INTRODUCTION 


The combination of a hazardous environment and modern technology can often 
magnify the effects and consequences of performing simple tasks. This is the case when 
performing work in an austere, almost alien, underwater environment while using 
‘‘leading-edge”’ technological diving systems. Underwater work, by its nature, can 
therefore be considered as inherently risky business. Unfortunately, there 1s still a need 
for manned-diving systems to perform specific tasks that remotely operated vehicles 
(ROV) and submersibles are unable to perform. As such, human and organizational 
factors (HOF) and the man-machine interface must be considered when evaluating the 


risks associated with a diving operation. 


The human element, can be considered “the limiting and the enabling factor in 
offshore operations, depending on one’s perspective, and depending on the availability of 
tools to support and maximize performance” [Kirwan, 1997]. It is this double-edged 
sword that has apparently kept manned-diving systems as the tool of choice for 
performing complex underwater work and any tasks requiring manual-dexterity (e.g. 
underwater welding, concrete placement, and pipeline repair). Like any other component 
in a system, the human element is complex and interacts with the other system 


components with significant uncertainty. 


This paper will discuss HOF applied to diving systems and operations, and 


proceed with the development of a fully integrated diving safety management and 
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assessment system that draws upon recent developments in HOF assessment and 
incorporates incident/accident-reporting legislation. The results will hopefully help 
offshore diving operators, both military and commercial, in their quest to minimize and 
mitigate the risks and uncertainty that are inherent to manned-diving and underwater 


operations. 
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2.0 LITERATURE REVIEW 


2.1 Risk Assessment, Evaluation, and Management 


Risk assessment and management techniques have been successfully applied in 
the fields of aerospace, nuclear and chemical engineering for the last two decades. In the 
aftermath of the Space Shuttle Challenger accident in 1986, NASA formally established 
the Safety, Reliability, and, Maintainability, and Quality Assurance Office (SRM&QA) 
to specifically implement risk management programs. Risk management is defined as a 
‘comprehensive process for dealing with risk in a decision-making framework to provide 
for the identification and evaluation of significant risks, and their rational acceptance or 


optimal mitigation” [Philipson and Buchbinder, 1997]. 


Risk assessment and management has two important steps. The first part is the 
determination of the risks associated with the system and the second part involves 
determination of acceptability of those risks [Bea, 1998]. “In safety, risk is the product of 
the frequency of an unwanted event and the consequences of that unwanted event”’ 
(Harrison, 1997]. Harrison [1997] further outlined the complete process of risk 


management for marine systems in the following eight steps: 


1. Define the activity and its scope (what is at risk’?); 
2. Identification of hazards and risks; 


3. Assess the risk; 
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4. Control the risk (as appropriate by elimination or reduction); 

5. Monitor and review (follow the success); 

6. Contingency plans (actions to take in the event of unwanted change); 
7. Defining management responsibilities; 


8. Emergency preparedness (real-time crisis management). 


This process of risk management has been adapted and applied to diving systems 
and operations as shown 1n Figure | on the following page [Monioudis and 
Mavromatakis, 1997]. Key elements in this process are the frequency of event’s database 
and the final step, initiation of management change. These steps are critical to 
continuous improvement of the system and 1n the case of diving operations are areas that 
could use significant improvement. Development of this database management system 
drawing from recent methods in HOF studies and integrating the required safety reporting 


legislation is paramount to continued use of manned-diving operations. 
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Diving Diving 
Systems Operations 


Identification of 
Diving Hazards 
and Failure Modes 
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Consequences 
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Monitoring Risk 
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Events Database 





Is Risk 
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Is Cost 
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Implementation of 





Optimum Diving Initiation of 
Option Management of 
(Real-time Crisis Change 
Management) 


Figure 1: Risk Management Process [adapted from Monioudis and Mavromatakis, 
1997] 
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9 As a basis for determining the cost benefit, Table 1 provides a database for 
comparison of the costs and limitations of the various systems associated with diving 


operations [Offshore, 1983], [Navy Diving Manual, 1993]. 


Working Depth Capital Investment Daily Rate (approx.) 
i) 


SCUBA Diving (Air) 0-190 Low 
Surface Supply Diving | 0-190 Low Low 
(Air or Heliox) 

Bounce Diving 190-300 $300,000 $10,000 
(2-diver system) 

Bounce Diving 190-300 $600,000 $13,000 
(4-diver system) 

Saturation Diving 190-1000 $1-5 million $16,000 
(4-diver system) 

Saturation Diving 190-1000 $1-5 million $20,000 
(4-diver system) 

One-Atmosphere 2,000 $600,000 $2,000 
(Jim, Wasp) 





Table 1: Manned Diving Limitations and Costs 





2.2 Reliability and Risk Analysis 


Risk analysis involves the evaluation of the sources, effects, and consequences of 
risks [Bea, 1994]. It can be qualitative and/or quantitative or a mixture of the two. The 
reliability of a system (P,) is the probability that the system will perform successfully, 
while the probability of failure (P¢) is the likelihood that the system will fail given by 


Equation (1) [Bea, 1998]. 


laf tare (1) 
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In this paper, failure of a diving system will be defined as the likelihood of injury 
to a diver. Although most occupational databases are concerned with the fatality rates, an 
effective safety management database for the diving industry should account for all 


incidents, accidents, near misses, and initiating events leading up to the incident. 
2.2.1 Qualitative Risk Analysis 


A qualitative risk analysis is a subjective evaluation of the system based on 
previous accidents and determination of the most common failure modes, known as a 
coarse analysis. Once the failure modes are determined a detailed qualitative analysis can 
be performed to estimate the consequences and likelihood of the failure modes. The 
Failure Mode and Effect Analysis (FMEA) is acommon method for this type of 
assessment [Aven, 1992]. Most diving safety management systems only make use of this 


type of risk analysis, often referred to as an activity hazard analysis. 


With the Lord Cullen inquiry report into the Piper Alpha offshore disaster, all 
offshore operators are recommended to describe their Safety Management Systems as 
part of a “Safety Case” for installations [UK DOE, 1990]. The report states that the 
Safety Management System should be adequate to ensure safe operation of the 
installation and it’s equipment and based on the principles of a quality management 
system. An additional requirement of the report 1s auditing and monitoring of the 
contractor’s safety programs [Wood, 1991]. According to Wood [1991], this level of 


analysis and proactive safety management along with a Diving Procedures Manual has 





RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 





contributed to a reduction of accidents and incidents in the North Sea by 78% since 1989. 
Projects implementing this approach had overall incident rates lower than those that 


simply used operator requirements. 


Intolerable risk level Risk can not be justified 
save in extraordinary 


circumstances 















Tolerable only if risk reduction 
is impracticable or if penalties 
are grossly disproportionate 


The ALARP or 
Tolerability region 


Tolerable if penalties of reduction 
would exceed the improvement 






No need for detailed 
Analysis to demonstrate 
ALARP 


Negligible risk level 


Figure 2: The ALARP Principle [from Lamb and Rudgley, 1997] 





The objective and cornerstone of such a qualitative hazard analysis 1s to ensure 
that all significant hazards are identified and that the level of nsk for each is determined 
to be “As Low as Reasonably Practicable”. This principle, known as ALARP, is shown 
in Figure 2 [Lamb and Rudgley, 1997]. Determination of what is considered ALARP is 


subject to past acceptable risk criteria and may not be adequate for today’s standards. 


To better address this ALARP principle and assist in the detailed qualitative risk 
assessment of the various diving failure modes, a Risk Assessment Code (RAC) matrix 
adopted from the U.S. Navy [OPNAVINST 3500]. From this matrix, one can quickly 
estimate and determine the high consequence with moderate to low probability hazards 


3 which are of considerable concern and likely to require a more in-depth assessment [Bea, 
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1998]. Table 2 shows the RAC matrix, which 1s a combination of the hazard severity 


and the loss probability. 


Probability 


I — Diver Fatality 
IT — Severe Injury 
HI — Minor Injury 
IV — Negligible 


s 
= 
& 
y 
~ 


Loss Probability: RAC Definition: 
A — Likely to occur frequently (1E-1) 1 — Critical 
B — Probably will occur or expected to occur several times (1E-2) 2 — Serious 
C — May occur or can be reasonably expected to (1E-3) 3 — Moderate 
D — Unlikely to occur (1E-4) 4 — Minor 
5 — Negligible 





Table 2: Risk Assessment Code (RAC) 





2.2.2 Quantitative Risk Analysis 


Once the critical failure modes have been determined, a quantitative or objective 
analysis of the diving system can be performed. This approach generally makes use of 
numerical variables and probabilistic models, and traditionally known as probabilistic 
risk analysis (PRA) or quantified risk analysis (QRA) using a Fault Tree Analysis or 
Event Tree Analysis [Bea, 1998]. This type of analysis has been developed in-depth for 
various marine systems, but has unfortunately fallen short in integrating the human and 


organizational elements. 
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2.2.3 Mixed Qualitative and Quantitative Analysis 


The third approach to risk analysis, referred to as a mixed qualitative and 
quantitative analysis, can best be described as a process where “linguistic variables are 
translated to numerical variables” [Bea, 1998] as shown by Figure 3 [Bea, 1996]. 
Without sufficient and reliable human error databases, this approach offers the best 


method to assess the influence of human and organizational factors. 


Very poor, does not recor average, Outstanding, 
meet standards meets most recor exceeds all standards 





Figure 3: Mixed Qualitative & Quantitative Grading Analysis [from Bea, 1996] 


2.3 Human and Organizational Factors (HOF) in Reliability 


Since the diving system and operation are primarily a man-machine interface, it is 
critical to understand the human component of the system to determine the overall system 
reliability. Extensive research has been conducted on identification of the causes of 
marine related accidents. According to most experts, human and organizational factors 
(HOF) are the cause of approximately 80% of offshore and marine accidents. Det Norske 


Veritas produced the following statistics related to causes of offshore accidents: 77% 
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were related to human unreliability and only 23% were related to technical causes [ISM 
Code Workshop, 1997]. 

In this paper, human reliability is defined as the probability of accomplishing a 
job or task successfully while human error is the failure to carry out a specified task that 
could lead to an accident [Gertman and Blackman, 1993]. To assist in the estimation and 
quantification of human error, Swain and Guttman [1983] developed generic human error 
rates from experiment and simulation in the operations of nuclear power plants as shown 
in Figure 4. In addition to these human error rates, Dougherty and Frangola [1988] 
conducted further experiments and simulations to develop performance shaping factors 


which are used as multiphers to the mean human error rates, shown 1n Table 3. 


New or rarely performed task 
Extreme stress, very little time 
Severe distractions & impairments 


Highly complex task 
Considerable stress, little time 
Moderate distractions & impairments 


Complex or unfamiliar task 
Moderate stress, moderate time 
Little distractions & impairments 
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Difficult but familiar task 
Little stress, sufficient time 
Very little distractions or impairments 
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Simple, frequent, skilled task 
No stress, no time limits 
No distractions or impairments 





Figure 4: Generic Human Task Error Rates 
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Condition Condition Condition 
eee 
ambiguit 


Time shortage Misperception of risk Unreliable instruments l 


Low signal to noise Poor feedback Absolute judgements 1.6 
required 
1.6 


4 
ratio 
Features over-ride 9 Inexperience 3 Unclear allocation of 
functions 
Spatial / functional a Communication Lack of progress 
i 
eee | 
























allowed 
incompatibili filtering tracking 


Design model mismatch Inadequate checking 


Objectives conflicts 


Limited physical 

capabilities 
Technique unlearning | ——6_—i|_ Educational mismatch | 2 | 
[Knowledge transfer | 5.5 | Dangerousincentives | 2} 





Irreversible action 
Information overload 


Table 3: Performance Shaping Factors 


According to Gertman and Blackman [1993], “hardware failure and human failure 


equals system failure”, but “there is a synergy between the two where human actions can 





either aid or impede recovery”. “Optimizing the human-machine interface” can often 
reduce risk. Therefore, to properly assess and evaluate the risks associated with diving 
systems and operations, the author will attempt to integrate human reliability analysis 


(HRA) with the system probabilistic risk analysis (PRA) process. 


Systems 


i 
| 


Individuals 


Procedures 
JUSUIUOIAUA 


Organizations 


» 





Figure 5: Components and Interfaces leading to Human Errors [from Bea, 1994] 
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Bea [1994] identified the components and interfaces that can lead to human errors 
as shown in Figure 5. Individual operators can be influenced to make errors by their 
organization, procedures (formal and informal), systems and hardware, and the 
environment. In addition, Bea [1994] classified the specific malfunctions related to the 
individual and organization. Individual malfunctions consisted of: 

1) Communications; 

2) Slips (accidental lapses); 

3) Violations (infringement, transgression); 

4) Ignorance (unawareness, unlearned); 

5) Planning and preparation (program, procedures, readiness); 

6) Selection and training (suited, education, practiced); 


7) Limitations and impairments (fatigue, stressed, diminished senses); and 





8) Mistakes (cognitive errors). 


Similarly, the malfunctions associated with organizations consisted of: 
1) Communications; 
2) Culture (goals, incentives, values, trust); 
3) Violations (infringement, transgression); 
4) Ignorance (unawareness, unlearned); 
5) Planning and preparation (program, procedures, readiness); 
6) Structure and organization (team integrity, interdependence); 
7) Monitoring and controlling (awareness, correction); and 


8) Mistakes (cognitive errors). 
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Calculation of human and organizational error (HOE) can be done by the use of 
Equations (2) and (3), the probability of failure of the system to develop quality attribute 
(1), P(Fs;), where (I) represents intrinsic causes (such as extreme environmental 
conditions and other similar inherent, natural, or professional uncertainties) and (E) 


represents extrinsic causes due to HOE [Bea, 1998]. 


eS ee (Ls) | Es) P(Es) + P(F sir | Es) P(Es) + P(F siz eis) P(Es) (2) 
Where, 


P(Es;) = 1 - P(Es) = probability of no HOE (3) 


And, P (A | B) represents the probability of occurrence of A conditional on the 


occurrence of B. 


For diving operations, the quality attribute (1) is Safety, and the primary concern 
and dominant factor of the equation is the probability of HOE due to extrinsic causes 
P(Fsigj) during the operation (j=3) phase. The diving operation can be further broken 
down into various phases, each of which P(Fsigj,) can be influenced by the eight types of 


human and organizational malfunctions given previously, resulting in P(Fsigjxm). 


The HOE can be reduced by proper quality control and quality assurance 
(QC/QA), provided by the dive buddy, standby diver or surface support. Assuming 
independent detection and correction activities, P(Fsirjkm) can be replaced by Equation 


(4), where P(D) is the probability of detection and P(C) is the probability of correction. 
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P(UEn) = P(En) {1 — P(Di)P(Cr)] (4) 


The study of human and organizational factors seeks to improve safety through 
reduction of the frequency of human errors and mitigating the consequences of human 
errors when they occur. During an offshore diving operation, the results of human or 
organizational errors can lead to “‘catastrophic consequences” [Blumenberg, 1996]. To 
minimize these consequences, a method of assessment should be adopted that adequately 
evaluates the likelihood of failures and ultimately determines the risk associated with all 


components of the system. 


2.3.1 Aviation HOF Checklists 


The study of “Human Factors” involves an application of scientific methods and 
technology to solve human performance problems. It represents an attempt to “optimize 
the performance of individuals in systems operation, maintenance, and supervisory 
control of complex environments exemplified by today’s sophisticated aircraft and 
support equipment and facilities” [Ciavarelli, 1997]. From a systems point of view, 
performance and reliability can be improved by focusing on reduction of human error. 
This can be done by concentrating efforts to insure that design of equipment and 
procedures are adequate, and that personnel selected for the task have the required 


capabilities and competencies, or can be taught them. 
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To better understand the influence of HOF in man-machine systems, various HOF 
checklists for the aviation community have been developed and can be reviewed in the 
annual proceedings of the Human Factors Society and Aviation Psychology Symposia, 
and International Society of Accident Investigators. These checklists provide a quick, 
and to a large degree, a valid and adequate assessment method for identifying areas to 
improve a system’s reliability. Most notably, Ciavarelli [1997] of the Naval Postgraduate 
School has developed a more accurate and “user-friendly” human factors checklist for 


aviation. 


The approach used in developing this form was based on analyzing hundreds of 
aviation accidents and then “classifying particular human errors, or error prone 
eeritions under the rubric of specific human performance categories (Sensory- 
Perceptual, Medical-Physiological. Knowledge-Skill, Personality-Safety Attitude, 
Decision-Judgement, Crew Communication-Coordination, System Design, and 
Organizational-Supervisory)” [Ciavarelli, 1997]. A portion of the resulting Human 
Factors Checklist from the Naval Aviation Safety School, Naval Postgraduate School is 
provided as Appendix A. The complete version of this checklist can be obtained from the 


following World Wide Web address: http://web.nps.navy.mil/~avsafety/pub/hfchklst.htm. 


Although these HOF checklists are a step in the night direction to enhance safety, 
they are still deficient in capturing qualitatively and quantitatively the risk or uncertainty 
associated with systems involving HOF. The checklists are usually Yes/No questions 


and are purely subjective. In addition, most checklists can not offer advice on the relative 
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importance of each checklist item, nor do they take into account the context in which the 


system 1s being used [Kirwin, 1998]. 
2.3.2. Diving HOF Checklist 


Although human factors analysis may be relatively straightforward under normal 
working conditions, in an underwater environment of “high density, low temperatures, 
increased turbidity, reduced visibility, currents, and potential marine hazards, the 
evaluation becomes far more challenging" [Crosson, 1993]. Design, development, and 
operation of diving systems must consider all of these factors. In addition, consideration 
must be given to the diver’s physiological requirements, efficient performance of the 


system in all scenarios, and adequate safety and comfort for the divers. 


According to most diving accident statistics [Naval Safety Center, 1996 and Diver 
Alert Network, 1996], the majority of accidents occur during the diving operations phase. 
To assist with safety assessment during this phase, Blumenberg [1996] developed a dive 
team HOF checklist (see Appendix B). The dive team human factors checklist is 
intended for “observations of real-time operations and facilitation of recording targeted 
behaviors” [Blumenberg, 1996]. The checklist provides a quick and user-friendly 
assessment form for analyzing HOF in real-time diving operations utilizing a 1.0 (poor) 
to 4.0 (outstanding) scoring system. Like the aviation HOF checklist, it is a step in the 


right direction towards developing a HOF error database. 
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Blumenberg [1996] used the dive team HOF checklist as a post-accident 
investigation of a diving fatality of an underwater construction worker assigned to the 
U.S. Navy. The results showed where human factors acted as contributing and 
compounding events and later lead to the eventual fatal accident. Although the 
assessment was limited by witness accounts instead of actual observations, it revealed 
that HOF factors received a range of scores from poor (performance significantly below 
expectations) to standard (demonstrated behavior promotes and maintains team 
effectiveness). No category received the high score of 4 which equates to an outstanding 
(performance represents exceptional skill in the application of specific behaviors, and 


serves as a model for teamwork). 


Table 4 below shows the summary of scores for this accident. 





Team communication & coordination 2.0) N/A N/A 
Situational awareness & decision making 1.8 2.0 2.0 
Auditing N/A 1.0 N/A 
Resources Ze Del 2 
Operational procedures A oA) 3.0 
Training N/A 2.0 N/A 
Individual fitness of diver Zt 2.0 2.0 
Special situations 2.0 2.0 3.0 


Overall observation N/A N/A N/A 





Table 4: Score Summary from Dive Team HOF Checklist [Blumenberg, 1996] 


2 
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From this quick assessment, a safety/dive supervisor could have quickly 
determined that the areas of concern noted with a score of 1 or 2 (e.g. communications, 
auditing, decision-making, training, fitness, and special situations) should have been 
analyzed in more depth and warranted further examination. In this situation, the diving 
operation would have been ceased due to its overall low scoring equating to significantly 


high risk for the divers. 
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3.0 CURRENT DIVING SAFETY MANAGEMENT 


3.1.1 Military and Government Diving Safety Management 


Within most military and government-sponsored diving organizations, safety is 
managed through various planning and safety checklists and a simplified activity risk 
analysis. The safety and planning checklist used by the U.S. Navy consists of the 


following detailed sections [U.S. Navy Diving Manual, 1993]: 


a) Analyze the mission for safety, 
b) Identify and analyze potential hazards, 
c) Select equipment, personnel, and emergency procedures, and 


d) Establish safe diving operational procedures. 


In addition, there are various operations checklists for the different types of diving 
systems selected, such as a surface-supplied diving operation checklist. The activity risk 
analysis usually only involves identification of potential hazards (again through a simple 
checklist) and steps to mitigate those hazards. It does not however provide adequate in- 
depth analysis of the likelihood of events and the consequences of those events, nor does 
it analyze the impact of human and organizational factors (HOF). It 1s this area of 
concern that should be qualitatively and quantitatively analyzed through a database 


managed safety information system. 
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The U.S. Navy also uses a relatively simple reactive approach to diving safety 
that requires the submission of an accident/incident report to the Naval Safety Center. 
According to the U.S. Navy Diving Manual [1993], an accident 1s “an unexpected event, 
which culminates 1n loss of or serious damage to equipment or injury to personnel”. An 
incident is “‘an unexpected event which degrade safety and increases the probability of an 
accident. The accident/incident information sheet is included as Appendix C for 
reference purposes. It provides a starting point for development of a detailed assessment 


form, which will account for HOF and near-mishaps. 


Although the Naval Safety Center diving statistics [1996] show the number of 
diving accidents/incidents as low compared to the total number of dives conducted each 
year, fei is no database managed system in-place which accurately tracks the incident 
rates. Additionally, there is a significant deficiency with current safety management 
systems since they due not adequately assess the initiating, propagating, or contributing 


HOF events leading to the incident. 
3.1.2. Commercial Diving Safety Management 


In the commercial industry, the primary means of managing diving safety, 
whether inshore or offshore, is through the Association of Diving Contractors’ (ADC) 
‘Consensus Standards for Commercial Diving Operations”. It provides a standard of 
safe practices and procedures for diving operations to complement applicable 


governmental rules and regulations. It also provides detailed information regarding 
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personnel requirements, operations procedures, equipment and systems, and accident 
reporting [ADC, 1992]. It does not however provide any specific guidelines or 


systematic procedures for managing and assessing safety on a day-to-day basis. 


The most significant part of the ADC Consensus Standard, which is applicable to 
developing a diving safety management system, relates to accident reporting. Although 
this is a reactive approach to safety management, it 1s a section that can be further 
developed and used during a follow-up phase to create a HOF error database. Incident 
rates are determined by Equation (5) and reported to Occupational Safety and Health 
Administration (OSHA) via the ADC Standard Incident Data Reporting Form (see 


Appendix D). 


# of Incidents x 200,000 


Hours worked 


Incident Rate = (5) 
This incident rate represents the total number of incidents equated to one hundred 
employees working forty hours per week for a fifty-week year. The incident rate 1s 
calculated for Lost Time Accidents (LTA) and Total Reportable Incidents. A LTA isa 
work-related accident or illness that results in the worker being unable to perform any 
work for 24 hours or more after the incident. A reportable incident is usually a work- 
related accident or illness that requires treatment by a Licensed Physician [ADC, 1992]. 
Type I decompression sickness (DCS-I: pain only bends), where offshore treatment is 


successful, is non-reportable. Type II decompression sickness (DCS-II: serious symptom 
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bends) is reportable if shore hyperbaric treatment occurs. This incident rate will be 


included in the proposed Diving Safety Management System discussed later. 


Since the beginning of 1991, a Diving Safety Management System has been in 
successful use by a major North Sea offshore operator [ Wood, 1991]. The system was 
developed in response to diving accident statistics published by the United Kingdom 
Department of Energy. The statistics revealed that between 1976 to 1988 diving activity 
produced an average of 13% of the serious injuries that occurred offshore. The system 
sets out criteria for safe management of diving operations in proven, formal and 
consistent management control systems. The complete system has the following 


objectives: 


1) To enable the identification and use of competent and safe contractors. 

2) To encourage contractors to develop safety management systems. 

3) To reduce the potential for accidents before offshore work commences. 

4) To assist in the development of safe and cost effective diving safety policies 
and procedures. 

5) To encourage the use of formal hazard evaluation systems. 

6) To ensure that all criteria, standards, guidelines, and legislation are considered 
where applicable. 

7) To provide clear and concise responsibilities, objectives, and policies for all 


personnel involved in diving operations. 
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The most significant part of the diving safety management system outlined by 
Wood [1991] is the contractor safety evaluations. There are two types of evaluations that 
are carried out, 1) contractor safety evaluation of documented safety policies and 
effectiveness and 2), safety performance evaluation of the actual job safety performance. 
The evaluations are conducted through a mixed qualitative/quantitative assessment where 
elements of safety are given a score from 0 to 10. Although this system is an audit for 
determining whether or not a contractor should be put on a bidder list, 1t provides a 
framework for assessments and inspections that can be carried out by the individual 
contractors. It is by far the first step toward a proactive assessment system to minimize 


risk in the offshore diving industry. 


After work is completed, the contractors are evaluated on the following items and 


disciplines: 


1) Hazard control: housekeeping, certification, general hazard control, 
maintenance of plant and equipment, permit to dive procedures. 

2) Fire control and industrial hygiene: chemical hazard control, flammable 
materials and equipment control, fire control measures, chamber waste and 
trash control. 

3) Supervisory and safety participation: supervisor safety training, safety 
instruction of new employees, safety meetings, safety audits and inspections, 
supervisor/diver safety contact, emergency drills, accident and incident 


investigation [Wood, 1991]. 
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3.2 A Mixed Qualitative and Quantitative Assessment of HOF 


The complimentary approach to risk analysis discussed earlier, a mixed 
qualitative and quantitative analysis, can best be described as a process where “linguistic 
variables are translated to numerical variables” [Bea, 1998] as shown in Figure 3 [Hee 
and Bea, 1997]. Without sufficient and rehable human error databases, this approach 
offers the best method to assess the influence of human and organizational factors in the 


offshore industry. 


Assessment of HOF in the entire life cycle of the diving system and operation 1s 
beyond the scope of this paper. Instead, the mixed quahtative/quantitative assessment 
method discussed will be applied to system safety concerns during the operations phase 
as shown in Figure 6. Extrinsic causes have been related to 80% of marine accidents and 


it is during the operations phase where the majority of accidents occur [Bea, 1998]. 
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Figure 6: Life-Cycle Evaluation of HOF in Diving Operations 
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The diving statistics indicate that decompression sickness (DCS) and arterial gas 
embolism (A.G.E.) are the greatest concerns and the result of most incidents. Both of 
these incidents occur in the ascent and decompression phases of the diving operation 
shown in Figure 7. In addition, the statistics also indicate that the loss of air supply 
should also be focused on, which again would usually occur during ascent and 


decompression or at the end of the bottom operation. 
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Figure 7: Diving Operation 
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4.0 DIVING SYSTEMS/OPERATIONS 


A diving system represents the entire plant and equipment necessary to conduct 
the diving operation. In accordance with International Maritime Organization (IMO) 
[Code of Safety for Diving Systems, 1995], these diving systems should be “designed to 
minimize human error and be constructed so that failure of any single component 
(determined, if necessary, by an appropriate risk assessment) should not lead to a 
dangerous situation”. A brief synopsis and simplified system diagrams of the primary 
diving systems used by commercial and military diving organizations are provided to 


assist in the risk assessment. 


4.1 Self-contained Underwater Breathing Apparatus (SCUBA) 


The self-contained underwater breathing apparatus (SCUBA) diving system is the 
most common system in use. A system diagram is shown in Figure 8. SCUBA, although 
readily available and easy to use, has significant areas for safety concern. 

1) Lack of communications (except for hand signals), 

2) Use of a buoyancy compensator (BC), 

3) Lack of air source redundancy unless using an emergency breathing system 

(EBS) or bailout, 
4) Time constraint based on tank capacity, and 


5) Decompression concerns. 
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Figure 8: SCUBA System Diagram 


4.2 Surface-Supplied Operations 


The surface-supplied diving-system 1s widely used by commercial and military 
diving teams at depths up to 190 feet salt water (fsw). It offers significant advantages 
over SCUBA including increased air quantity, communications, and redundancy of air 
sources as shown in Figure 9. Areas of safety concern include 1) possibility of 


entanglement of umbilical, and 2) decompression concerns. 
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Figure 9: Surface-Supplied Diving System Diagram 


4.3 Saturation Diving Operations 


By far the most complex diving-system in use (see Figure 10), saturation diving 
offers the greatest depths and time on bottom (with the same decompression time once 
saturated). The operation basically consists of a deck decompression chamber (DDC) at 
the surface, a personnel transfer chamber (PTC) or bell for transit to and from project 
site, and either SCUBA or helmet dive systems from the PTC [Goodfellow, 1977]. 
Safety concerns are numerous for this type of system, but many feel it is safer than 
surface supply due to the crew redundancy, and component redundancies [Oman, 1994]. 
Some additional risks are associated with the use of pressure vessels (e.g. fires, 


explosions), and excursion diving (above and below) the PTC. 
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Figure 10: Saturation Diving System Diagram 


4.4 Atmospheric Diving Systems (ADS) 


The atmospheric diving systems (ADS) or one-man mobile submersibles are to 
date the most reliable systems in use [Rawlins and Hawkes, 1985]. This is primarily due 
to the fact that decompression sickness and arterial gas embolisms are not a concern. The 
most significant safety concerns with this type of diving system are as follows: 

1) Hazards of high-pressure leaks at seals, 


2) Entanglement or entrapment, and 
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9% 3) Backup support in the case of an emergency. 
The most important redundant system for ADS has proved to be the standby ADS diver 


as shown In Figure 11. 
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Figure 11: Atmospheric Diving System Diagram 
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5.0 ACCIDENT DATA AND ANALYSIS 


An accident is an undesirable event that may lead to loss of human life, personal 
injuries, significant damage to the environment or significant economic loss [Aven, 
1992]. A near miss is an undesirable event without loss of life and personal injuries, and 
insignificant damage to the environment and insignificant economic loss, but which with 
small changes in the situation might have resulted in an accident. In diving operations, 
an accident can be further broken down into incident categories as shown in Figure 12 
[Bea, 1998 and McSween, 1998]. This figure shows that for every diver fatality, there 
are 100 plus lost-time and recordable accidents, and 1,000 plus first aid cases, near 


mishaps, and unsafe acts. 
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accidents 
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Figure 12: Accident Pyramid [adapted from Bea, 1998 and McSween, 1995] 
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The primary incidents and injuries resulting from diving operations are: 


I) 


2) 


3) 


4) 


5) 


6) 


7) 


8) 


Type I decompression sickness (DCS-I) — which refers to skin “bends”, 
fatigue or pain only (a result of breathing compressed gas). 

Type II decompression sickness (DCS-II) — which includes neurological and 
cardio-respiratory “bend”’. 

Arterial gas embolism (A.G.E.) — which represents arterialized gas bubbles 
primarily associated with immediate cerebral symptoms. A gas embolism 
occurs when a gas bubble causes a blockage of blood supply to the heart, 
brain, or other vital tissue. 

Inert gas narcosis — a state of stupor or unconsciousness caused by breathing 
inert gas at pressure. 

Asphyxia (or suffocation) and drowning — which occurs when the lung is 
unable to ventilate. 

Barotrauma (or squeeze) — which occurs when some air-filled cavities of the 
body are not equalized to adjust to pressure change. 

Carbon monoxide and carbon dioxide poisoning — which are a result of excess 
buildup occurs due to exertion and the lung is unable to ventilate. 


Blowup — lung over-pressurization due to a rapid ascent without expelling air. 


[NOAA Diving Manual, 1992] 


5.1 DAN Diving Accident Data 


Although the Diving Alert Network (DAN) is primarily concerned with 


recreational divers, their accident database provides valuable insight into the risk factors 
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and contributing causes of diving accidents. An evaluation of 270 accidents from 1987 
revealed the common risk factors shown in Table 5 [Bennett, 1990]. Values in the right 


three columns indicate the number of times any two factors occurred together: 


52 A.G.E. Cases Reported 
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Table 5: SCUBA Risk Factors 
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Dive day conditions and risk factors for Table 5 are listed in the following 
manner: 
1) A strong to moderate current is considered a factor because of increased 
exertion. 
2) Fatigue is a factor because the diver reported being physically tired or had 
missed some sleep the previous night. 
3) Exertion is considered because of the increased muscle activity. 


4) Cold is a factor because the diver said they were cold or uncomfortable. 
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Additional DAN fatality statistics for the 1980s [Bennett, 1990] show that major 
contributing factors were as follows: medical disorders (55.7%), environmental factors 
(34.8%), and equipment faults (9.5%). Other categories that were likely to contribute to 
the accident were inadequate air supply (56%), buoyancy problems (52%), and other 
equipment misuse (35%). The air supply (whether low on air or out of air) was a 
significant contributory factor as most problems occurred after the low on air situation. 
The buoyancy problems consisted of 48% negative buoyancy and 8% with positive 
buoyancy. Stress and fatigue were found to contribute to 39%, and 28% of the fatalities, 


respectively. 


5.2 Naval Safety Center Diving Accident Data 


From 1954-1996, there have been 79 fatalities and 4,673 incidents in U. S. 
military diving units [Naval Safety Center Data, 1996]. Figure 13 shows the breakdown 
of incidents by diving system used. Also of note, is the fact that 53% of the incidents 


were DCS and 30% were A.G.E. 
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Figure 13: Diving Incidents by Diving System 
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5.3 Oceaneering Diving Incident Data 


‘Despite years of research and significant scientific advances, decompression 
sickness remains a problem and it 1s not totally preventable” [Youngblood, 1990]. Figure 
14 shows overall incident rates for all dives performed by Oceaneering from the years 
1983 through 1989. Of note, is the decreasing incident rate by 1989, which in terms of 


reliability analysis, the probability of failure is given by Py = 9.1 x Om 


Diving Incident Rates, Oceaneering 
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Figure 14: Diving Incident Rates, Oceaneering [from Youngblood, 1990] 


36 


RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


5.4 North Sea Diving Incident Data 


In a study of diver fatalities in the North Sea from 1971-1977, Table 6 was 
developed to quantify failure probability based on the number of fatalities. In this study, 
they found that 39% of the 39 deaths reviewed were caused by human factors and that a 
fraction of the other deaths could “probably be classified as human errors because of their 


dependence on human behavior” [Jacobsen and Stein, 1984]. 


FATALITY Activity Exposure | 
MEASURE Surface-supply | Saturation (bell) Chamber stay 
a” ee aia 


No. ___No. of fatalities fatalities 


L Sa 04 Some OED - 


Fatalities per hour 2.70E-04 3.00E-05 9.60E-07 
activi 


Annual “individual 3.90E-04 
fatality” rate estimate 





Table 6: Diver Fatality Rate estimates on the Norwegian Continental Shelf [from 
Jacobsen and Stein, 1984] 


In the United Kingdom’s sector of the North Sea, a survey of all air commercial 
dives during 1982-1983, including 25,740 man dives, showed a total of 79 cases of 
decompression sickness, 44 Type I (0.17%) and 35 Type II (0.14%) [Bennett, 1990]. 
This would correspond to a Py = 1.7 x 10° and a le tex Ge. respectively for 


decompression sickness incidents. 
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5.5 OSHA Diving Statistics 


The United States Department of Labor, Occupational Safety and Health 
Administration (OSHA), only monitors fatalities related to commercial diving. 
According to OSHA [1998], an average of 6 to 13 diving-related fatalities occur each 
year. With almost 10,000 workers employed as commercial divers, government divers, 
and sea harvesters, they face an exceptionally high risk of death and serious physical 
harm on the job, corresponding to 28 and 50 deaths per thousand workers over a working 


lifetime of 45 years. 
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6.0 HUMAN AND ORGANIZATIONAL FACTORS (HOF) IN DIVING 


MacInnis [1972] was one of the earlier researchers to assess and evaluate the 
various HOF in diving accidents. Figure 15 was developed to show ““The Diving 
Corridor of Effective Performance.” MacInnis showed that performance underwater was 
primarily governed by the human factors, the water and gaseous environment, and the 


equipment and procedures. 


Human Factors 









The Diving 
Corridor of 
Effective 
Performance 


Water Environment Gaseous Environment 






Diving Equipment 
and Techniques 


Figure 15: The Diving Corridor, Important Boundaries to Man’s Effective 
Performance Within the Sea [from MacInnis, 1972] 


In more recent years, Blumenberg [1996] and Cullen [1997] have provided insight 
into the fundamental HOF involved in SCUBA operations and underwater welding. 
Blumenberg [1996] specifically identified the following HOF influencing SCUBA diving 
operations and recommended the use of a Dive Team Human Factor Checklist to assess 
the role of HOF in the dive team: 

1. Equipment (including tools, adaptation equipment, safety and protective, and 

life support). 


2. Procedures (rules and regulations for each type of diving system employed). 
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3. Environment (pressure, cold, currents, limited visibility — all of which can 
change rapidly without warning). 

4. Individual diver (dominant factor controlling safety is the diver’s physical and 
mental fitness). 

5. Organization (dominant controllable factor affecting the individual diver). 
The organization starts at the dive buddy team, includes the entire dive team, 
overall company or military unit, and the diving industry. 

6. Interactions or interfaces between the preceding factors (most unpredictable 


factor). 


Blumenberg [1996] noted two specific controllable areas which should receive the most 
focus; first, “improving individual awareness of human factors and the ability to cope 


with stress, and second, improving team coordination, reliability and culture.” 


In addition, Cullen [1997] recommended that a more in-depth qualitative and 
quantitative HOF assessment should be conducted to determine the role of HOF in diving 
incidents. In conducting this assessment, the assumption of positive correlation between 
failure modes was suggested to account for the fact that each failure would be the result 
of the mistakes of the same diver. The correlation would be a function of stress, 
physiological conditions, and the degree of training. It is the author’s opinion that this 
assumption is correct and, to accurately assess the entire diving operation, correlation 


should be positive if the dive team has trained together sufficiently. 
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Based on this assumption, the probability of failure during a diving operation will 
be dominated by the maximum probability of failure. Therefore in most situations, the 
dominant term of Equation (2) will be the extrinsic human failure. It is this area which 
will be given the most focus, since the reliability of the overall system will only be 


improved through reduction of the human (diver) error. 


6.1 Coarse Qualitative Analysis 


Using a reactive risk management approach, taking into account the system safety 
concerns and past statistical data provided in sections 2.0 and 3.0, a coarse qualitative 
analysis can be performed for each diving system. Based on life-cycle evaluation of 
HOF in the diving system (Figure 6 shown earlier), failure to develop adequate safety 
will be the primary concern. In addition, since extrinsic causes have been related to 80% 
of marine accidents, and the operations phase results in the majority of accidents [Bea, 
1998], the risk assessment will focus on the HOF in the diving operation. Cullen [1997] 
suggested that incidents could occur 1n each phase of the diving operation as shown in 


Figure 7 earlier. 


The diving statistics indicate that decompression sickness (DCS) and arterial gas 
embolism (A.G.E.) are the greatest concerns and the result of most incidents. Both of 
these incidents would occur in the ascent and decompression phases of the diving 


operation. In addition, the statistics also indicate that the loss of air supply should also be 
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‘ 
» focused on, which again would usually occur during ascent and decompression or at the 


end of the bottom operation. 


6.2 Detailed Qualitative Analysis 


6.2.1 Failure Mode and Effect Analysis (FMEA) 


A detailed qualitative analysis can now be performed for each diving system 
using the Failure Mode and Effect Analysis (FMEA) and the RAC prioritization method 


discussed earlier. Tables 7 through 10 represent FMEA for each system, respectively. 





Identification of Failure Mode Hazard Loss Ranking 
+ Component Severity Probability (RAC) 
Air Source - Malfunction I D 3 
- Runs out due to Human error B 1 
Valve (1" Stage) - Malfunction II] D 5 
- O-ring failure D 5 
Hoses - Entanglement I B l 
- Cut or disconnect D 3 
Regulators - Malfunction (purge) Ill B 3 
- Due to poor maintenance (human error) A Zs 
Buoyancy Comp - Malfunction I G 2 
- Accidental inflation A l 


(human error) 


- Limitations & impairment 
- Ignorance ; 
Dive Buddy - Mistakes I 
- Selection & Training 
- Communication 
- Planning & preparation 
- Slips 
- Violations 
- Limitations & impairment 


- Ignorance ———ee———————— 
Surface Support - Monitoring & Controlling I 


Organization - Culture 
| ° e 
- Communications 


7: - Mistakes 


Depth/Press gauge - Malfunction I] 4 
Bailout/EBS - Malfunction If 4 
- Diver error in switching to it 2 

Diver - Mistakes ] l 
- Selection & Training Z 

- Communication l 

- Planning & preparation l 

- Slips 2 

- Violations 3 

2 

Ze 
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- Planning & preparation 
- Structure & organization 
- Violations 


- Ignorance 
Table 7: FMEA for SCUBA Diving System 


Owes @) 
Nw — bw 


Identification of Failure Mode Hazard Loss Ranking 
Component Severity Probability (RAC) 
Air Source - Malfunction I 
- Runs out due to Human error 
Helmet - Malfunction (purge) Ill 
- Due to poor maintenance (human error) 
Communications - Malfunction It] 
Line/Rope (strength) - Entanglement Il 
- Cut 
Bailout Air - Malfunction I] 
- Diver error in switching to it 
Diver - Mistakes I 


- Selection & Training 

- Communication 

- Planning & preparation 

- Slips 

- Violations 

- Limitations & impairment 

- Ignorance 
Line Tender, : - Mistakes I 
Standby Diver - Selection & Training 

- Communication 

- Planning & preparation 

- Slips 

- Violations 

- Limitations & impairment 


- Ignorance a Is a 


Surface Support - Monitoring & Controlling I 
Organization - Culture 

- Communications 

- Mistakes 


- Planning & preparation 
- Structure & organization 
- Violations 


- Ignorance 
Table 8: FMEA for Surface-Supplied Diving System 
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Identification of Failure Mode Hazard Loss Ranking 
Component Severity Probability (RAC 








Air Source - Malfunction ] D 
- Runs out due to Human error 
Helmet - Malfunction (purge) Ill 
- Due to poor maintenance (human error) 
Communications - Malfunction Ill 
Cable and Hoist - Malfunction ] 
- Ship collision 
Line/Rope (strength) - Entanglement I] 
- Cut 
PIC & DDC - Fire onboard ] 


- Loss of pressure 


- Loss of power 
Bailout Air - Malfunction lI 


- Diver error in switching to it 
Diver - Mistakes ] 
- Selection & Training 
- Communication 
- Planning & preparation 
- Slips 
- Violations 
- Limitations & impairment 
- Ignorance 
Line Tender, - Mistakes ] 
Standby Diver - Selection & Training 
- Communication 
- Planning & preparation 
- Slips 
- Violations 
- Limitations & impairment 


- Ignorance Se 


Surface Support - Monitoring & Controlling I 
Organization - Culture 

- Communications 

- Mistakes 


- Planning & preparation 
- Structure & organization 
- Violations 


- Ignorance 
Table 9: FMEA for Saturation Diving System 
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Identifieation of Failure Mode Hazard Loss Ranking 
Component Severity Probability (RAC) 





Air Source - Malfunction I D 3 
- Runs out due to Human error B ] 
A.D.S. Suit - Malfunction (leak in joint) ] C Zz 
- Due to poor maintenance (human error) © Zz 
- Pressure collapse (exceed depth limit) D 5 
Communications - Malfunction Ill C 4 
Cable and Hoist - Entanglement II C 5 
- Ship collision D 4 
Bailout Air - Malfunction II D 4 
- Diver error in switching to it B Zz 
Diver - Mistakes ] B l 
- Selection & Training C 2 
- Communication A ] 
- Planning & preparation B l 
- Slips C 2 
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» - Violations 


- Limitations & impairment 

- Ignorance 
Line Tender, - Mistakes I 
Standby Diver - Selection & Training 

- Communication 

- Planning & preparation 

- Slips 

- Violations 

- Limitations & impairment 

- Ignorance 
Surface Support - Monitoring & Controlling I 
Organization - Culture 

- Communications 

- Mistakes 

- Planning & preparation 

- Structure & organization 

- Violations 


- Ignorance 
Table 10: FMEA for Atmospheric Diving System 
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From these FMEA’s performed for each diving system, a quantitative analysis can 
be conducted for the critical failure modes (e.g. failure modes with a RAC of 1, 2, or 3). 
4 In net every system, the failure modes with a RAC of 1-3 correspond to HOF and loss 
= of air source. Other failures as a result of lack of maintenance, ship collision, fire, or 


exceeding pressure depth limit can also be traced back to human or organizational error. 
6.3 Quantitative Analysis 
6.3.1 Coarse Quantitative Analysis 

A complete and comprehensive quantitative analysis would require evaluation of 


all critical failure modes in each diving system. This in-depth analysis is beyond the 


scope of this paper, but by looking at the most common failure modes (loss of air and 
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decompression sickness) occurring in the ascent and decompression phase of the 


operation, a coarse quantitative evaluation can be performed integrating HOF. 


Without remote operated vehicles (ROVs) or at-depth monitoring, the QA/QC 
will be relatively low and rely on the dive buddy or standby diver. For this reason, 
probability of detection is estimated at 0.25 and the probability of correction is estimated 
at 0.5. In addition, performance shaping factor multipliers (from Table 3) of 11 (for 
shortage of time) will be applied to the SCUBA system, and 1.3 (for stress) will be 
applied to all estimated generic human error rates (from Figure 4). Since decompression 


sickness is not a concern for ADS, no quantitative analysis will be performed. 


Figures 16 through 18 on the following pages show the fault-trees using the HOF 


analysis methods discussed. 


Diver Incident or Fatality 


(Ascent and P(UE)=4.1E-1 
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Figure 16: SCUBA (Ascent and Decompression) 
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Diver Incident or Fatality 


(Ascent and P(UE)=4.7E-2 
decompression phase) 
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Figure 17: Surface Supply (Ascent and Decompression) 
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Figure 18: Saturation (Ascent and Decompression) 
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Applying Equations (2) through (4) as shown in Figures 16 through 18, the 
system probabilities can be approximated (based on the dominating extrinsic operation 
HOF evaluations and including the undetected and uncorrected QA/QC, [1 — (0.25)(0.5)] 
= (0.875). The summed human errors are multiplied by 0.875 to give the P(UE) and then 
multiplied by the probability of failure of the system conditional upon the human error 
(estimated at a likelihood of (B) 1E-2 in the FMEA). Total system failure probabilities 


are shown below. 
1) SCUBA: P(Fsj) = 1E-2 (4.1E-1) = 4.1E-3 


2) Surface Supply:  -P(F si) = 1E-2 (4.7E-2) = 4.7E-4 


3) Saturation: P(Fsi) = 1E-2 (3.6E-2) = 3.6E-4 
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7.0 SAFETY MANAGEMENT ASSESSMENT SYSTEM (SMAS) 


Without accurate frequency of event’s databases to estimate human error in the 
diving industry, a complimentary analysis involving a mixed qualitative and quantitative 
approach will be described. Significant research has been conducted in this field of 
assessment and management applicable to offshore installations and ships [Bea, 1997], 
[Hee, 1997], and [Pickrell, 1997]. This approach known as a Safety Management 


Assessment System (SMAS) should be applied to the diving operation. 


A Safety Management Assessment System (SMAS) can be applied to the diving 
operation to enhance safety and minimize risk. The approach provides a systematic way 
of estimating the likelihood of events involving HOF and determining the risk (the 


product of the likelihood of failure and the consequences of that failure) [Bea, 1994]. 


7.1 Concept of SMAS 


A Safety Management Assessment System (SMAS) 1s comprised of three 
components: 1) an auditing instrument, 2) an auditing process, and 3) an auditing team 
(composition, qualification, and training protocol) [Hee and Bea, 1997]. The primary 
focus of SMAS is on the HOF in a system, with emphasis given to the organization. 
SMAS is intended as a self-assessment and auditing device for those who are responsible 


for safety management. 
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The significance of SMAS, as opposed to other forms of human error checklists 
or evaluations, is that it incorporates the system operators [Pickrell, 1997]. Since the 
system operators are the most knowledgeable with regards to system safety issues, they 


can provide the most accurate and reliable human error database. 
7.2 Likelihood Hierarchy 


The evaluation process is organized into three levels as shown by Figure 19: 1) 
components and interfaces (or modules), 2) factors: detailed areas within the modules 
(the malfunction areas listed previously), and 3) attributes [Pickrell, 1997]. Grading 
scales with a range of 1 to 7, as previously shown, are used at the factors level. The 
assessors provide three grades: 1) most probable estimate, 2) lower bound, and 3) upper 
bound (creating a triangular distribution from which a mean can be derived for all 


assessors) [Hee and Bea, 1997]. 


Attributes 


Figure 19: Likelihood Hierarchy 
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% 7.3 Consequence 


For a diving operation, three types of consequences that should be addressed are 
as follows: 

1) Cost (associated with equipment damage), 

2) Lost work days, and 

3) Injuries/fatalities. 
The consequence scales applied to diving operations related to the above categories are 


listed in Table 11. 


| A 
ee 
oo 














Table 11: Consequence Anchor Scales 
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7.4 Mathematical Concepts 


To capture uncertainty, a “range” scoring method was proposed by Hee [1997] 
which requires the assessors to provide three scores for each attribute evaluated. The 
scores represent the best, most probable, and worst likelihood or consequence for each 
attribute being evaluated [Pickrell, 1997]. Using this concept, the “most probable” score 
captures the central tendency of the attribute while the “best” and “worst” scores show 


the uncertainty associated with that attribute. 


Mathematically, the qualitative scores are translated into quantitative probabilistic 
distributions to determine the relative risk of failure. The scores are assumed to represent 
a unit triangular distribution with an area equal to one. This concept 1s illustrated in 
Figure 20 where point A represents the “best” score, point B represents the “most 
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probable’, and point C represents the “worst”. 
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Figure 20: Sample Triangular Distribution 
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» Using the triangular distribution discussed above, the mean and standard 
deviation can be derived using Algebra of Normal Functions as shown by Equations (6) 


and (7), respectively. 


z-A** (6) 
2 2 a _ _ 
aaa (A° +B’ +C* —-AB- AC- BC) (7) 


18 


Continuing with the method of Algebra of Normal Functions, two triangular distributions 
can then be multiplied together. Given triangle | and triangle 2, their mean and standard 


deviation would be determined by Equations (8) and (9), respectively. 


Z=2Z,xZ, (8) 





(9) 


Equations (6) through (9) form the basis for all computations required by SMAS. 
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7.5 A Diving Safety Management Assessment System (DSMAS) 


iJ SIVA S EVOCeSS 


The SMAS process as originally developed is based on three phases [Pickrell, 
1997]. To modify the process for diving operations, a reactive step is added to phase 3. 
This step creates an incident/accident and near-mishap report process, which 1s fully 
integrated into the safety management system as shown in Figure 21. This phase will 
receive the primary focus and require full software implementation to supplement the 
current SMAS software developed by Pickrell [1997]. This was performed utilizing the 


Microsoft Access 97 software program. 
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Figure 21: DSMAS Process Flow Chart [revised from Pickrell, 1997] 
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» This fully integrated safety management system to assess HOF, a Diving SMAS, 


contains the following Diving Operation Modules: 


1) Diving Team; 

2) Diving Organization; 

3) Dive Procedures/SOPs (standard operating procedures); 
4) Structural (surface support platforms/pressure vessels); 
5) Diving Equipment/systems; 


6) Environmental; 


Along with the consequence anchoring system discussed earlier, the coarse and 
> detailed qualitative scoring of risk likelihood for the Diving SMAS factors is provided in 


Table 12 below [Hee, 1997]. 


Coarse Qualitative Scoring Detailed Qualitative Scoring 
(General) (Specific) 

source: paperwork and interviews source: site-visit and interviews 
1 = Best seen in diving industry 1 = Excellent condition 
















2 = Far exceeds requirements 

4 = Meets requirements 

6 = Does not meet requirements 
» Table 12: Coarse and Detailed SMAS Scoring 


52 


RisK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


7.5.2 DSMAS check-lists 


Using the concepts of SMAS as discussed earlier, the author has adapted the 
assessment checklists for diving operations. In addition, based on the author’s experience 
in Quality Control and Assurance for multi-million dollar construction projects, a 3-phase 
safety management assessment will be adopted which more closely follows a proactive 


quality control procedure. 


7.5.3 Initial Diving Safety Assessment (Phase 1) 


The initial diving safety assessment (phase 1) for the diving team module 1s 
provided in Appendix E. Similar assessment forms are included in the software to 
account for the diving organization, the dive standard operating procedures (SOPs), 
structural (surface support platforms/pressure vessels), diving equipment/systems, and 
environmental factors. This HOF assessment is primarily adapted from SMAS checklists 
[Pickrell, 1997] and the Dive Team Human Factors Checklist [Blumenberg, 1996]. Its 
main purpose 1s to obtain an initial assessment of HOF for the entire diving operation and 
identify factors of concern (FOC), which may warrant further evaluation (e.g. categories 


with means of 4 to 7). 
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7.5.4 Real-time Diving Safety Assessment (Phase 2) 


The real-time diving safety assessment (phase 2) is similar to the initial, but 
conducted weekly (or as required) throughout the diving operation to provide continuous 
on-site assessment. Areas of concern would require immediate action and may warrant 
discontinuing the operation until mitigation or reduction measures are implemented. 
Appendix F shows the note-taking sheets for a detailed real-time assessment including all 


appropriate diving modules and attributes. 


7.5.5 Follow-up Diving Safety Assessment (Phase 3) 


The follow-up (phase 3) diving safety assessment contains fields to enter the key 
elements to the assessment, the near mishaps, lessons learned, and the incident reporting 


which addresses three categories of events and factors [Bea, 1996]: 


1. Initiating events and factors that may have triggered the incident/accident 
sequence, 

2. Propagating events and factors that may have allowed the incident/accident 
sequence to escalate and result in the accident, and 

3. Contributing events and factors that may have encouraged the initiating and 


propagating events. 
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) The information in the preceding categories would also address seven categories 


of factors: 


1. Personnel (diving team) directly involved in the incident, 

2. Organizations that may have had an influence on the events, 

3. Procedures used at the time (formal and informal), 

4. Diving Equipment and system used, 

5. Structure (surface support platform, pressurized vessels/systems), 
6. Environmental conditions, and 


7. Interfaces between the preceding categories of factors. 


f And, would also address the life-cycle characteristics of history of the systems including, 


1) design, 2) construction, 3) operation, and 4) maintenance. 


Along with the reporting of total hours for the operation, and these key elements, 
accurate incident rates and a human error database (based on near-mishaps) can be 
developed, which can be used to further analyze the influence of HOF in diving 
operations. The phase 3 data-acquisition sheet is provided as Appendix G. This form 1s 
the basis of data entry and reporting that is fully integrated with the current SMAS 


software developed by Pickrell [1997]. 


The implementation of a fully integrated safety management system for diving 


) operations made use of the recently developed SMAS software and included the phase 3 
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follow-up inspection forms and reporting. This type of safety management will provide 
an adequate method for assessing risk while providing a simple “user-friendly” system to 
track incidents/accidents and near-mishaps. Thus, it will provide a starting point for a 
diving HOF error database. In addition, commercial diving operators and military units 
will be able to obtain safety information to accurately generate the requisite safety reports 


for submission to OSHA and the Naval Safety Center, respectively. 
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8.0 CREW RESOURCE MANAGEMENT (CRM) AND TEAM TRANSITION 


8.1 CRM Background 


Crew resource management (CRM) is a method of training that was originally 
developed for the civilian aviation industry and later adapted and applied to military 
aviation, hospital emergency rooms, nuclear power plants, and even corporate 
management. In its simplest context, CRM is a tool that promotes team reliability 
through development of interpersonal skills. Although CRM has received mixed 
acceptance over the past two decades, the majority of pilots have endorsed it [Helmreich, 


Merritt, and Wilhelm, 1998]. 


The basic precepts of CRM are to enhance the overall performance of a man- 
machine operation by reducing the frequency and mitigating the consequences of human 
errors [Helmreich, and Merritt, 1996]. With this in mind, Helmreich and Merrit [1996] 
developed a layered pyramid (the “error troika’’), which represents the 3 major goals of 


CRM as shown by Figure 22 on the following page. 
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Contain 
Error 


Figure 22: CRM “Error Troika” [Helmreich and Merritt, 1996] 


Although CRM can not eliminate error and assure safety, it is one of an array of 
management tools that can be used to manage error [Helmreich, Merritt, and Wilhelm, 
1998]. In their most recent research, Helmreich, Merritt, and Wilhelm [1998] have 
recommended an error management approach referred to as fifth generation CRM. Error 


management at the crew level 1s defined as: 


‘Actions taken either to reduce the probability of errors occuring (error 
avoidance) or to deal with errors committed either by detecting and correcting 
them before they have operational impact (error containment/trapping) or to 
contain and reduce the severity of those that become consequential (error 


mitigation)” [Helmreich, and Merritt, 1998] 


If error is inevitable, then CRM can be viewed as a method of countermeasures with the 


three lines of defense shown by the “error troika” pyramid. 
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With this approach of error acceptance, new initiatives have been announced by 
the Federal Aviation Administration, which actually encourage incident reporting and 
near-mishap reporting. This confidential and non-career jeopardizing approach has been 
successfully applied by American Airlines who have received nearly six thousand reports 
in a two-year period [Helmreich, Merritt, and Wilhelm, 1998]. It 1s this type of proactive 
safety management and data collection, which will allow companies and organizations to 


take steps towards minimization and mitigation of recurring incidents. 


Since incidents are rare and unique events, incident data can not completely 
reveal how the system fails, the human contribution to these failures, and how training 
interventions can alleviate and contain them. An alternative but similar approach to 
CRM, a “Two-layered Surveillance’, has been recently proposed by Maurino [1998] to 
assist with this safety concern. The first level includes line/normal simulation audits: 
surveys and observations by properly trained assessors/observers utilizing validated tools. 
The second level includes monitoring of the normal processes (e.g. communicating, 


budgeting, financing, training, monitoring, and allocating resources). 


Again, this approach requires a consensus that “human error is unavoidable but 
manageable”. The diving organization must accept that the problem is not with error 
itself, but with the consequences [Maurino, 1998]. In this perspective, the diving 
organization must also avoid reprimand for errors while maintaining confidentiality, else 
lose valuable incident or near-mishap data that could provide insight into minimization of 


future risks. 
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8.2 Team Transition Background 


A final concept to enhance safety during diving operations 1s team transition 
training. Team transition refers to a situation that occurs when a team operators are 
functioning together for a period of time under routine conditions and then abruptly 
confronted abnormal and sometimes emergency circumstances [Huey, and Wickens, 
1993]. Although this concept was originally applied to army tank crews, it is gaining 
acceptance by nuclear power plant operators, emergency medical service teams, and 


maritime ship operators. 


During a diving operation, especially one involving mixed-gases and saturation 
diving systems, multiple crews may be used to perform a long-duration task. Not only do 
these crews deal with the transition arising from emergency procedures, but they also 
must face the transition from one crew to another. This is a critical time during the 
operation, which will require continual monitoring and assessment from the safety/dive 


supervisor. 


The team transition study results most applicable to diving operations are 


summarized below: 


1. ‘Adequate training and preparation, adapting strategies and tactics appropriate 


for the situation, effective leadership, and smooth crew coordination could 
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counteract some of the detrimental effects of imposed task demands” [Huey, 
and Wickens, 1993]. 

Better transition can be accomplished through preplanning, anticipating, and 
rehearsing actions to be taken under stress. 

Special attention should be made to duty schedule, sleep periods, and comfort 
of systems being utilized. 

Teams should maintain their integrity over a period of time. This concept is 
especially important to diving operations. 

Crew composition and selection are vital. 

While training, repetition and variety are essential. 

Crisis management and decision-making must be practiced. 

Problem solving must be trained first in a non-stressed environment first. 
Fault diagnosis must be taught in complex systemis (i.e. mixed-gas surface 


supplied and saturation diving systems). 


10. Communication 1s paramount to the success of a mission. 


8.3 Diving Risk Reduction through CRM and Team Transition 


Risk reduction in diving operations can only be accomplished through a 
combination of proactive, real-time (or crisis management), and reactive safety 
management information systems and strategies. In each of these approaches, the most 
effective safety management can only be accomplished utilizing crew resource 


management (CRM) and transition team training as described above. In diving 
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operations, the crew (or dive team) is a crucial component to ensure safety. A dive team 
is usually 3 or more individuals and can be as large as 20 or more if considering 
saturation diving systems, which will include all hyperbaric and topside support 
personnel in addition to the divers. As such, the crew must be selected and effectively 


trained to handle all incident/accident scenarios that may occur. 


This is not an easy task and involves extensive training and repetition of 
emergency procedures. Some measures for risk minimization and mitigation of diving 


operations using the concepts of CRM and transition team training are provided: 


1. Improved competency and effective training of dive team personnel as a unit. 

2. Maintenance of diving equipment program with team involvement. 

3. Team evaluation of adequacy and effectiveness of diving procedures. 

4. Team auditing and monitoring the Diving Safety Management System. 

5. Increased reliability of the overall system by use of simulation or team 
training to model the actual operation or specific task to be performed (similar 
to NASA underwater training simulations for space repair projects). 

6. Implementation of SMAS assessment forms as discussed. 

7. Emergency preparedness and crisis management through repetitive simulator 
training and team involvement. 


8. An acute awareness of the effects of team transition. 
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9.0 COMPUTER IMPLEMENTATION AND MONITORING 


9.1 Computer Implementation of DSMAS 


As stated earlier, implementation of a fully integrated safety management system 
for diving operations will make use of the recently developed SMAS software and 
include the phase 3 follow-up inspection forms and reporting. The current 1997 version 
of Microsoft’s Access database-managed software will be the computer platform for this 
implementation phase. A database-structured approach is crucial to maintaining, 


tracking, and monitoring the influences and effects of HOF error on the overall operation. 


The implementation involved four distinct steps: 

1) Development of the data acquisition forms shown in Appendices E through H. 

2) Development of a monthly summary safety report for each activity (Appendix 
I) and development of an input form/report for OSHA (Appendix J). 

3) Revision of current data acquisition forms applicable to diving operations, and 


4) Software testing utilizing the case study U.S. Navy fatality discussed earlier. 


This type of safety management information system will provide an adequate and 
accurate method for assessing risk (before, during, and after a diving operation) while 
providing a simple “user-friendly” system to track incidents/accidents and near-mishaps. 
An organization will be able to use this system to monitor and manage safety proactively 


and review factors of concern on a monthly basis. A detailed analysis using PRA or 
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HRA techniques discussed earlier can then be developed for any areas or factors of 
concern. Steps can then be recommended to correct recurring HOF errors and minimize 


the overall risk to personnel. 


9.2 Example Diving Accident 


Although the DSMAS software is primarily to assess HOF before, during, and 
after a diving operation, a U.S. Navy dive accident which resulted in a fatality will be 
assessed and entered into the database to verify the accuracy of the software. A summary 
of the accident, which was also assessed by Blumenberg [1996], is provided and then 


entered into the DSMAS software. 


9.2.1 Background of Accident 


A U.S. Navy Seabee diver, assigned to Underwater Construction Team One, died 
on June 11, 1974 during a cable stabilization project in 100 feet of water. The direct 
cause of death was officially arterial gas embolism (A.G.E.) from a rapid ascent 
accompanied by breath holding, however, Blumenberg [1996] identified contributing and 
compounding factors that may have elevated the situation. These factors will be further 
sub-divided into initiating, propagating, and, compounding events to facilitate easy entry 


into the DSMAS software database. 
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9.2.2 Initiating Events and Factors 


Diver did not end dive and return to surface before tank pressure reached 500 psi 
(formal procedure violated). Both divers failed to abort dive when pressure gages 
indicated empty tank. Diver showed evidence of panic during ascent when he grabbed 
buddies regulator. Entanglement may have caused panic and the uncontrolled rapid 


ascent. 


9.2.3 Propagating Events and Factors 


Dive team felt pressure to complete the work quickly because the support vessel 
was only available for a short time. Two inexperienced divers were paired as dive- 
buddies. Poor coordination of dive team put divers in water prior to having material 
resulting, which resulted in more air use. Initial dive brief was not clear to divers. Diver 
failed to monitor his air-supply. Buddy used inconsistent hand communications. Buddy 


failed to act early and recognize unsafe behavior of diver. 
9.2.4 Contributing Events and Factors 

The diver was a smoker. Diver was relatively new to the team and may have felt 
additional pressure from team members. Effects of nitrogen narcosis were unanticipated 


even though the diver had complained previous narcosis at similar depths. Diver had 


tendency to use air faster than most other divers did (plan assumed both divers would 
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work same maximum time). Initial training did not emphasize rescue skill and exhalation 
during buddy breathing. Diver was slightly seasick prior to dive. Work was physically 
demanding. Diver was using a borrowed regulator which had been adjusted to breath 
easier. Buddies did not communicate a change in the dive profile. Dive team culture 


condoned exceeding air limits. 


9.3 Data Entry with DSMAS 


By starting the DSMAS software enclosed (Appendix K), the screen shown in 
Figure 23 appears and then minimizes to show the DSMAS main menu (shown in Figure 


24). 
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Figure 23: DSMAS Intro Screen 


69 


RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


aa ) Metre eC t | P| 
= | File Edit Ylew Insert Format Records Tools Window Help 





CJ] Ry | SS] 23) 4] OS] a) |] | Se Dd 






(Pre-Ass essment FOC's / 
i... Data. _f Scenarios 


* ¥ - rf o « A a 1 4 
/>, Phase 2 Data |, | Phase 3 Data 3 
“a — ey si 

= Sc om Se _* 

are fo ge ey 


. a ea 
Utilities . Syaler Exit tq 


=~ 


“tg. Reports - 
a *, : 


™ 
é 


* 
al 


te wel Aa gy 


oA . 


u Records is] | = 1 > fours] of 1 


Press to Enter Pre-Assessment Data and Initialize Assessment . , rrr Pe” hon fF 


Figure 24: DSMAS Main Menu Screen 


J From the main menu screen (Figure 24), the initial assessment information 1s 
entered following the SMAS manual contained in Pickrell [1997] and Hee [1997]. The 
pre-assessment data 1s entered first, followed by the phase 1 and phase 2 data. The phase 
1 data was entered for the U.S. Navy fatality discussed earlier and a summary report 1s 
included as Appendix F, which can be used to assess areas of concern. The data 
acquisition forms are included in the report section of the software. By pressing the 
Reports button, Figure 25 will appear prompting for selection of an assessment. If an 
assessment has been entered, it will appear on the pull-down menu (search by clicking 


the down arrow). 
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Figure 25: Assessment Selection Screen 


) The reports main menu (Figure 26) will now appear. Select the Data Acquisition Forms 
button. 
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J Figure 26: Reports Main Menu Screen 
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Figure 27: Data Acquisition Screen 


The data acquisition form appears (Figure 27). From this form, the user can select 
J the phase 1, phase 2, or phase 3 data acquisitions forms. Select the Phase 3 form to 


switch to a print preview of the form (Figure 28). The user can then print the form. 
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Figure 28: Phase 3 Data Acquisition Form Screen 
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Figure 29: Phase 3 Data Entry Screen 


Close the phase 3 form and return to the main menu. Select Phase 3 data entry to 
J perform the follow-up safety assessment. Figure 29 will appear. Select the Phase 3 


Accident/incident Data Entry button to switch to the input screen (Figure 30). 
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Figure 30: Accident Data Entry Screen 
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) Assign an ID number for each accident or incident and enter all necessary data 
that was recorded earlier on the phase 3 data acquisition sheet. Multiple incidents can be 
entered for each assessed activity. Remember to scroll down to enter all information. 
Once all accident information is entered, the user can select the Main Menu button or the 
Phase 3 Reports Menu. By selecting the Phase 3 Reports Menu, Figure 31 will appear, 
where the user can immediately go to one of the safety reports. Figure 32 shows the 
Monthly Summary Safety Report and Figure 33 shows the OSHA Safety Input Report 
performed for the U.S. Navy fatality discussed earlier. Appendices I and J show the 


output results for that accident. 
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Figure 31: Safety Reports Screen 
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Figure 32: Summary Accident Report Screen 
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9.4 Monitoring of Diving Operations 


The final question remaining is how can an organization effectively monitor a 
diving operation? With today’s rapidly growing and diverse array of technological 
advancements, the answer may still be a man-machine interface. In this context, the 
combination of remotely operated vehicles (ROV) and on-site supervision may provide 


the most effective means of evaluating, assessing, and avoiding crisis situations. 


As with any project, decision making should be empowered to the lowest level 
practicable. However due to the nature and high-risk of the underwater environment, any 
additional insight and monitoring from surface support platforms can only enhance the 
likelihood of success and minimization of HOF error. With this concept in mind, the 
diving organization must recognize that “human error is inevitable” [Maurino, 1998], yet 
understand that error can be minimized and managed to an acceptable level. This can be 
accomplished successfully just as it is currently being done in the aviation community 
with the proactive use of the fifth generation CRM and the safety assessment tools 


provided in this paper. 
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10.0 CONCLUSIONS AND RECOMMENDATIONS 


In conclusion, with the continued need for manned-diving operations in the 
offshore oil industry and the military, there will continue to be extrinsic risks placed on 
divers. This paper has attempted to apply complimentary approaches of Safety 
Management and Assessment Systems (SMAS), incident/accident reporting criteria, and 
Crew Resource Management (CRM) to develop management tools that assess human and 
organizational factors (HOF) in diving operations. In addition, the follow-up assessment 
(phase 3) of the diving safety management system was outlined and implemented in 
detail, which fully integrates assessment and monitoring of diving operations with 


incident/accident reporting legislature. 


Through this proactive type of safety management, diving organizations can begin 
to create a HOF database that will assist in continued risk analysis and minimization of 
manned-diving operations. The database can be used to categorize incidents/accidents 
and near-mishaps, and assist with evaluating factors of concern. The sample diving 
fatality was successfully entered into the software database (DSMAS) and shows that an 
integrated safety management system can be developed and modified to assist an 


organization with risk assessment, management, and reporting. 
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Recommendations for continued research dedicated to risk minimization of diving 


operations are given below: 


1. Field verification and modification of the enclosed forms and reports 
(generated by the DSMAS software) to meet the missions of the 
organizations. 

2. Real-time testing of the DSMAS software by military and commercial diving 
organizations. 

3. Continued efforts to promote safety of manned-diving operations through 
proactive Diving Safety Management Systems that are monitored and used for 
initial planning, real-time evaluation, and follow-up reporting. 

4. Evaluation of risk reduction and minimization of human factors through 
alternative underwater systems such as remotely operated vehicles (ROV) and 


atmospheric diving systems (ADS). 
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APPENDIX A: Aviation HOF Checklist 


HUMAN FACTORS 
CHECKLIST 


(Summer, 1997 Version) 
1. SENSORY-PERCEPTUAL FACTORS 
f ] Misyudged distance clearance altitude speed.ete. 
[ ] False perception due to Visual Wlusion 
Predisposing Conditions: 


1. Featureless Terrain (desert,dry lake,water) 

2. Dark/Low Visibility 

3. Black Flole 

1, No/False Horizon (aonreliable visual attitude reference) 

5. Mountain Terrain/Sloping Runway 

6. Rotor Downwash Effects 

7. Anomalous Light Effects (e.g Flicker Vertigo) 

&. Low contrast targeVobject to background of poor Hlumination 
9. Looking inte bright sun/moon/light, ar shadowed area 


[ ] False Perception due to Vestibular Hlusian 
Types: 
Coriolis 


somatogravic (including e-excess) 
somatogyral 


ee 


[ ] Spatial Disorientation/Vertigo 
Types: 


+ 


/ 


. 


pe f: Unrecognized 
ype I: Recognized (Vertivas 
‘ype TET: Incapacitating 


* 
re 


i. 
3 


P 


= 


‘e-disposing Conditions: 


Loss of visual cues/attitude reference (especially Horizon) 

Acceleration induced (r-force) 

Adverse Medical or Physiological condition (aleohal/druy effects, hangover/dehydration, fatigue 
State, outer) 


feo Pom 


[ ] Loss of Situation Awareness 


DO re ne ar nner thiene 
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\ ) APPENDIX B: Diving HOF Checklist 


DIVE TEAM HUMAN FACTORS CHECKLIST 


Purpose: The purpose of this checklist is to (1) get an initial “temperature” of the dive 
team with respect to human factors, and (2) identify initial areas of concern which may 
warrant further examination. 


Event data: 
DOMES (217 YU) <oaceemeeiteteces 050s ven ccisavoasstornsaseveass © SEEM sesso oven seuemmimenrenensavageay 


OO TOS PeSORSHOROLE HOE ESO OHO EHEED TOE DD 


WTO ITE CE nic cco cceeenoeeg ese e ees etree to recast -nctacetecse4-= MMOS UVM cos svvnsesvsvnsiisonanesenrenasseas’s ssescecsoecnere saceee cones , 
COMA BAG SERIO! 6c ccsccseasccscscosstessrsonenesses * LORMUDCTAUMMIBO? .....-.ccecsaree 
TEEPE IN: corstcssecsevessnsvesansoreorstasciaceressoreeeni ees "MMMM 2 cyovsssrccseesactessvedd 


PSG RRAMT RM cs se cscsassepeenessdoseceessseceseaseenes peeaes us DOG TOP TUOTS: .. 5. secnccaseestenseees 


@pessesreseses 


OS AB MME SELEY Soo cin. accecensiee-auvsaceasscecedenetsedare TSW SEU WESEMN po sss sn susan sotnsvan these serve renee tees sscerevace seers 


ENFE SINCE. 50. ucsceeeeet oat eavee cs Cescsvsepacsesevenn ne COR aes iceaass en eet cscs ee 
) PORN CAS Kear ey gpa paste tea telviss ninintigadsivermepenmcaeivesss  Mver #2 
- POE irre ce8 fos eecosrsosesenscocsare Rr ee PAM EMEV MAI VET 1 05 ccsecsscosdsnsuautvesceyiecseveretnrstens 
"VG eR a nos. neaeuemetees noc ocesscusserasesssssecessensans Temes (56: c....ciccocecscess 
TRCN LOE SLCMEMIEL, une socteaveetnereerecectievseceee ae ene ee ae 
Govt) UNIGANIIG? 0... :sesccesscoccnrsererereces eeptbeeee saenaeecects 
PTTL TESS .sycnuabeser, caceeesvait narimeess der ecsavswescaceateran: meena tee 


POOHOP COTO ST OR EROH ENE 


TOPO TORN. oper sc eoascrs tees bisseebics cameecesee eee ee 


Barrtoraty CONMCINOS! ..cccccsccsere 
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APPENDIX C: U.S. Navy Accident/Incident Information Sheet 


EQUIPMENT ACCIDENT/INCIDENT INFORMATION SHEET 


GENERAL 
Unt pomt af contact 
Carmrmarnd WC Date 
EQUIPMENT (indicate type of all equipment veorn’used] 
UBA; SCUBA bAK 24 


MK 16 ae 
Other (specity) 


Suit type: Dry Wet Hat water 
Other dress: Goves _ Bootes Pins | / . 
Mask rs Srorkel Knife 
Veg bell indicate weeghti — a 
Depin gauge | Last calibration data 
Buoyancy compensatar/lite preserver: 
Inflated al scene: Partvaly Operational 
inflation mode: Oral CO indecendent Supply 
Cylinders: Number veorn olze Icu fl) Vaive type 
aS i# Abvrimounn Steel 
Surface pressure: Hisfore Adter 
Regulator: | _ Last PMS data? - Functhonal at scene? 


Submersible Pressure Gauge: 


CONDITIONS Locaon? 
Ceposi faw Vis tibty Rh Current 


Ar temp 


Bottom tyor imud, sand, coral, etc | 


DIVE TIME 
Botiom Decor pression 


FWalerterp at surface 


Posts 


Time of cocurrance 


Qa 
é 
u 


q 


Convrmurng tactar? 


MK ZOD 


Functonal at scene”? 


—~ 


ANots Sea stale (O-9)} 
F at depth é 


Foal diva tite 


Wiles @ouprmient operating and tramenarce procedure 4a noninbulng (acter? 


(Exolair. 


Is there catlnbiutory error in O&M manual cr sh system”? 


fexolain) 


OTHER CONTRIBUTING FACTORS 
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ing Form 


ADC Incident Data Report 


APPENDIX D 
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APPENDIX E: Initial Diving Ops Safety Management Assessment (Phase 1) 


Assessment of: Date: 








Phase ] INITIAL DIVING OPS Data Acquisition Forms 


O1 Module Name: Strus tural 
fl Factor Nanie: surface Suppart Cupacrty 
O01 Attribute Name: Load Beanng Capacity 


Does the dive platform meet ail standirds fur current and farcseen number of divers - Meets present - 
anticipated reguircmenis 


NTs 
Minimum = Probeble  xggyionamn 


Rest Scen in Industry i 1 
bar Execeds Requirements 
Uxceeds Requirements 


Lend HR 
tw bh = 


Mects Requirements 


oe 
Ar Se 


Almost Meets Requirements 


, A me le RQ ome 


Ddocs Not Meet Requirements 
Not Available 


si GN OU 
dS 
“I oS 


Comments: 


Ul Module Name: Strustural 
02 Factor Name: Lave Weight Capaciy 
O02 Attribute Name: asad (earmng Capacity 


If usitig hotel ‘crane system fur ADS or bell system, docs 4h mect he ranticipated logdrig. « Meets present ° 
anticipated eequirements 


Mast 
Massmum = Probabie  \taxtmum 
Best Seen in Industry { ] 1 
Far Faceeds Requirements 2 2 Z 
bxceeds Requirements : 3 3 
Meets Requirements 4 4 4 
Almost Meets Requirements § 4 5 
Dans Not Meet Reguirements th 6 ty 
Not Available 7 7 7 


Cornnents: 
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RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


) APPENDIX F: Sample Phase 1 Module Summary for U.S. Navy Fatality 






DIVING Safety Management Assessment System 


‘e 


bee Phase |] Module Summary Graph (with Ranges) 16-Nov-98 
Ges} 





ASSESSMENT OF: DIVING FATALITY OF SEABEE DIVER 
LOCATED AT: HAWAII! 


Structural 


@ Best Score 


-1 Std Dev 


OJ) Module 
Mean 
+48 


interfaces 






Environmental 


Diving Team 


Diving Organization 


1 
t 
t 
1 
. 
4 
‘ 
* 
‘ 


Diving Squip/Systems 


Procedures/SOPs 
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RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


APPENDIX G: Phase 2 Detailed Assessment Notes 


Phase 2 Note Taking ... 
Scenartos List: 


Module 
4 
Structural 
Live Weight Capacity 
Dead Weight Capacity 
Posaonrental Capacity 
Fire Load Capacity {Passive} 


Sullace Support Cunecity 


Diving Equip/Systems 


Aur Tank Capacity 

Conmressur Pump Capacity 

Hose Capacity 

Helmet Capacity 

Pore Load Capacity (Active/Passive) 


Blevtrical 


Phase 2 Note luking Sheets - tal § 
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RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


\ ) APPENDIX H: Follow-up Diving Ops Safety Management Assessment (Phase 3) 


Assessment of: Date: 


Phase 3 FOLLOW-UP DIVING OPS Data Acquisition Forms/Safety Reporting 


1. Accident/Incident: (Direct Cause; e.g. 
DCS I/Il, AG_E., Barotrauma, etc. .} 


2. Near-Mishap Information: (If 
Applicable} 


3. Lessons Learned: 


4 Initiating Events and Factors (that may have triggered the incident/accicent sequence): 
Personnel (dive team) directly involved: 
Organization that may have influenced events: 

) Procedures used at the time (formal and 

informal) 
Diving equipmentsystems used: 
Strucure (surface support/pressure vessels/etc) 
Environmental Conditions: 
Interfaces between the preceeding factors 


Life Cycle factors of concern for systems used: 


1) Design 
2) Construction 
3} Operation 


4) Maintenance 


5. Propagating Events and Factors (that may have allowed the incidenVaccident sequence to 
escalate and result in the accident) Address all categories listed above Wf applicable. 


Phase 3 FOLIOW-CP DIVING GPS - of 2 
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RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


Assessment of: Date’ 
Phase 3 FOLLOW-UP DIVING OPS Data Acquisition Forms/Safety Reporting 


6. Contributing Events and Factors (that may have encouraged the initiating and propagating 
events): Address all categories listed above if applicable. 


¢. Dive Times: 


Bottorn tre: Decompression Tolal dive 
time: ume 


Total time of Operation/Project: (To be completed at the completion of 
the project) 


8. OSHA Classification of incident/accident: (e.g. Fatality, Lost Time, 
Restricted Activity, Non-disabling} 


Phase 3 FOLLOW-TIP DIVING OFS -2 of 2 


RISK ANALYSIS AND MANAGEMENT OF DIVING OPERATIONS: ASSESSING HUMAN FACTORS 


APPENDIX I: Sample Monthly Safety Report (generated from DSMAS) 





DIVING Safety Management Assessment System 


Summary Accident Report 


Assessment ID Accideat ID Accident/Incident OSHA Classification 





0] 
01 
AGE, 


Near-Mishap Info 


CONSOFIN Loe€ f10'C 
Lessons Learned 


fnitiating Events 


Propagating Events 


Contributing Events 


Fatality 


tA 


= 


Practice buddy breathing techniques. 
Foliow set procedures at iow ai. 
Team-training with actual dive buddies 


Diver did not end dive and return to surface before tank pressure reach 
psi (formal procedure violated). Both divers failed to abort diva when p 
gages indicated empty tank Orver showed evidance of panic during a: 
when he grabbed buddies regulator. Entanglemant may have caused | 
and the uncontrolied rapid ascent. 

Dive team felt pressure to cornplete the work quickly because the supp 
vessel was only available for a short hme. Two inexperienced divers ¥ 
pared as dive-buddies. Poor coordination of dive tearm put divers in w: 
to having matenal resulting, which resulted in more air use. Initial dive 
was net clear to civers Diver faited to monitor his air-supp!y Buddy u 
laconsistent hand communicatons. Buddy failed to act early and rece, 
unsafe Dehavior of diver. 


The diver was a smoxer Oiver was relalively new to the team and ma' 
fell additional pressure from team members. Effects of nitrogen narco: 
unankapated even though the diver had complained previous narcosis 
similar depths, Orver had tendency to use air faster than most other di 
(plan assumed both divers would work same maximum time). Iniwal tri 
did not emphasize rescue sxill and exhalation dunng buddy breathing 
was slightly seasick pnor to dive Work was physically demanding. Di 
using a borrowed regulator which had been adjusted to breath easier. 
did not communicate a change in the dive profile Ove team culture cc 
exceeding aif timits 


DCS 1 (pain only) 


Manday, Noveober 16, 1998 
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APPENDIX J: Sample OSHA Accident Input Report (generated from DSMAS) 


tee : DIVING Safety Management Assessment System 


oe a OSHA Accident Info 





Year ConntOfAceidentucident OSHA Classification of incidenVaccident 


4974 


— 


Non-Reportadle (BCS-I} 


—y 


Lost Time Acadent 


or 


Fatality 


{998 


— 


Restncted Actyiy 
2 Non-Reportabie {(DCS-1) 


anh 


Non-disa bling 


2 Lost Time Accident 


Monday, November 16, 1998 Paye f off 
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APPENDIX K: DSMAS Disk 
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